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ABSTRACT
Specific performance characteristics of a krypton laser were
measured.

Evaluation criteria were dictated by the proposed use of

the laser as a multi-wavelength illumination source.

The laser out-

put power, spectral power distribution, and output stability were
measured as a function of wavelength and transverse mode order, to
determine optimal operation characteristics.
Data are presented defining the compromise between laser output
power and beam divergence when the laser is operated multiwavelength, and in several low-order transverse modes.

There is an

advantage of increased output power when the laser is operated in
transverse modes higher in order than TEM

00

, but beam divergence

also increases with mode number and wavelength.

In addition, signif-

icant output instability occurs, caused by competition effects among
the simultaneously oscillating longitudinal modes and among the
multi-wavelength, low-order transverse modes.

The instabilities are

increased by competition among the several transitions, caused by
shared krypton ion energy levels.

The magnitude and frequency of the

resulting laser intensity fluctuations were measured and data are
given relating output instability to wavelength and transverse mode
order.
In addition to the near-random intensity fluctuations caused by
competition effects, the laser output can be modulated at discrete
frequencies by strong plasma instabilities.

The frequency and

iii

magnitude of the discrete frequency modulations were measured, and
the results are presented as a function of discharge current.
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I.
A.

INTRODUCTION

Report Objective
The objective of this work is an evaluation of specific aspects

of a "state-of-the-art" commercial krypton ion gas laser.

The

criteria for the evaluation were established by the proposed use by
McDonnell Aircraft Company of the laser as a multispectral illumination source in a remote spectroscopy system.

The specific require-

ments of the laser system dictated the manner in which the laser was
operated and the boundary conditions within which the evaluation was
made.

The primary laser characteristics measured in this work were

the laser power spectral distribution, the transverse mode profile
and beam divergence, and the intensity stability as a function of
wavelength and transverse mode number.
B.

Problem Selection

1.

The Laser System
The use of a krypton laser as an illumination source is based

on a set of requirements that are quite different from those
normally dictating the use of a laser.

In remote spectroscopy, a

target is illuminated, perhaps repeatedly, and the radiation reflected from the target and collected by the receiver system is
spectrally analyzed, detected, and processed.
the basic components in such a system.

Figure 1 illustrates

The radiation source (the

laser in this case) must deliver as much power as possible to a
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FIGURE 1
LASER SPECTROSCOPY SYSTEM FUNCTIONAL DIAGRAM
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specific target area located a large distance from the receiver.

The

normal small divergence of a gas laser enables nearly full output
power to be delivered to a small area.

In most applications, laser

emission is at a single wavelength, and in many cases, such as laser
communications, the emission is at a single oscillation frequency.
An illumination source does not require single oscillation frequency,
and in fact does require multi-wavelength emission.

Remote spec-

troscopy requirements include illumination at several wavelengths,
and the wavelengths must be separated sufficiently to allow convenient spectral analysis at the receiver.

In addition, the

intensity of the laser must be stable, allowing comparison of the
radiation incident on the target to that radiation scattered from
the target and collected by the receiver.

The degree of power

stability determines the repetition rate at which the laser power
must be monitored.

The subsequent calculation of target scattering

cross section from the power comparisons can determine many target
characteristics.
2.

The Laser Source
The primary requirements for a laser used as an illumination

source in this application include maximum output power, minimum
beam divergence, and maximum output stability.

The laser must have

simultaneous multi-wavelength emission, with reasonable wavelength
separation.

The total laser power should also be distributed
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uniformly over the emission spectrum.

The stability requirement not

only pertains to the total output power, but also to the power at
each wavelength relative to that at any other.
The only laser capable of supplying reasonably large (greater
than one watt), continuous, low divergence light output at several
wavelengths distributed over the visible spectrum is the gas ion
krypton laser.
krypton.)l

(Bridges reports 17 wavelengths from singly ionized

Not all of these wavelengths can be obtained simulta-

neously, however.

Many of the energy transitions in singly ionized

krypton share either an upper or a lower energy level, and compete
with one another for the available inverted population in the active
medium.

It is sometimes necessary to suppress one of the competing

transitions to be able to obtain oscillation in another.

Even with

the transition competition, a krypton laser can operate simultaneously in four major color divisions:

red, yellow, green and blue.

The competition makes it difficult, however, to predictably distribute the total power over the full spectral range.

Also, any

fluctuation appearing in the output of one of the oscillating
transitions can be coupled to another, because of the sharing of
energy states, causing spectral distribution instability.

The

stability of the output is further complicated by the existence of
plasma instabilities at high discharge currents which couple to the
light output, modulating the output intensity.

Neither the
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competition nor the plasma instabilities are as evident in the more
widely used argon or helium-neon lasers.

Avoiding these problems,

the majority of commercially manufactured gas lasers emit one wavelength at a time, and the output is in the so-called "fundamental"
transverse mode.

The latter ensures a uniphase intensity distribu-

tion, Gaussian in shape, with minimum divergence, and the single
wavelength operation prevents any transition competition.
3.

Problem Description
The problem is how to best utilize a commercially available

krypton laser (Coherent Radiation Laboratories, Model 52GK), without
major modification, to best satisfy the multiple requirements of a
laser illumination source.

The laser as it is available com-

mercially is designed for a number of applications ranging from
medical surgery to holography.
single wavelength operation.

Most of these applications require
When the laser is operated at several

wavelengths simultaneously (by removing the internal dispersion
element), the total output power is limited by transition competition.

The first requirement then, is to obtain maximum output

power.
Output power can be increased by increasing the volume of the
active medium.

This may be done either by increasing the length

of the discharge tube, which is often inconvenient, by using large
radius of curvature mirrors in a large diameter tube to increase
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the diameter of a given transverse mode, or by operating in a higher
order transverse mode which has a larger diameter.

The latter

option was proposed by R. J. Freiberg and A. S. Halstead for increasing the power output of an argon laser.2

They found that not

only was the power increased, but the laser output power was less
sensitive to mirror misalignment.

There are disadvantages to

operation in (low order) transverse modes other than the fundamental,
however.

The fundamental mode is the only uniphase mode (i.e., no

intensity nulls), although this does not particularly affect the use
of the laser as an illumination source.

Also, as the mode number is

increased, increasing the mode volume, the beam divergence increases.
There is thus a natural compromise between output power and beam
divergence, and this compromise is evaluated in the present paper.
In addition to the trade-off between power and divergence,
there is a second problem in the operation of a krypton laser in
higher order transverse modes.

Because the krypton emission wave-

lengths are distributed over a larger spectrum than that of most
lasers, emission at different wavelengths can exist in basically
different transverse modes, and in combinations of more than one
transverse mode, a situation not significantly encountered in an
argon laser.2

In addition, as is discussed in the body of this

paper, competition effects occur among the simultaneously
oscillating longitudinal modes, among the transverse modes
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(spatial competition), and among energy transitions.

Work with

helium-neon and argon lasers has shown that longitudinal mode
stability (or lack of it) can suppress marginally stable transverse
modes.3

In a multi-longitudinal mode laser, the interaction

possibilities among all modes become extremely complicated.

The

specific interaction of interest in this work is the possible
power instability caused by an unstable longitudinal mode suppressing a marginally stable transverse mode.

This not only could

cause power fluctuation at one wavelength, but the various energy
level competition effects (described below) could lead to simultaneous fluctuations at other wavelengths.

In addition, the

various intensity fluctuations could be in phase, or 180° out of
phase with each other, making the relative spectral power distribution change much worse.

The present work is then a measure of

intensity fluctuations induced by unstable modes as a function of
transverse mode number.

Mode number (order) should have a direct

effect on the intensity stability because of the increased probability of existence of marginally stable transverse modes, with
higher mode number.
A third problem concerning stability was also investigated.
For reasons that are not entirely clear, gases such as krypton and
xenon support plasmas which have inherent instabilities.

The

instabilities are a function of several variables including
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discharge current and tube geometry.

In a laser, the instability

manifests itself as a modulation of the output beam at discrete
frequencies.

Because any modulation or fluctuation of the laser

output is of importance to use of the laser as an illumination
source, the extent and frequency of the existing modulations were
measured.
4.

Paper Organization
There are three basic areas of investigation.

The first is the

measurement of beam divergence and output power as a function of mode
number.

The second is the measurement of output stability as a

function of wavelength and mode number.

The third area of investiga-

tion is the measurement of output stability (discrete frequency
modulation) as a function of discharge current (the most critical
variable).

Section II is a review of previous work related to these

three topics, as reported in the literature.

A discussion of the

various competitions in a krypton laser and how they affect each
other and the laser output is also presented in this section.
Section III presents the measurement method, results, and a discussion of the results for each of the three major topics.
Section IV is a discussion of the application of the major results
reported in this paper.
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II.
A.

REVIEW OF THE LITERATURE

Transverse Mode Analysis
One of the distinct advantages of laser systems is that the

electromagnetic radiation produced is highly collimated; the radiation travels in a beam having small divergence.

The beam divergence,

total laser output power, and intensity stability are a function of
the transverse mode of operation of the laser.

For this reason,

theoretical solutions for the field distribution and propagation
characteristics of the different transverse modes of a passive
optical cavity have been treated in detail in the literature. 4- 6
It can be shown

7

that a laser beam has minimum divergence and can be

focused to the smallest diameter spot if it is in the lowest order,
"fundamental" transverse mode.

Therefore most connnercial lasers are

designed to operate in this mode, and at a single wavelength (if more
than one is available).

A laser in an illumination system should

deliver as much power to the target as possible, and should confine
the power within the spatial dimensions of the target.

A recent

study of the argon laser concluded that a laser used for illumination
purposes can increase emission power and increase its stability to
mirror misalignment by operation in low order transverse modes above
the fundamental. 2
divergence.

The sacrifice made is an increase in beam

The trade-off between power and divergence in a krypton

laser is one of the subjects of this paper.

As will be shown, the
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large wavelength separation in the multiline emission of krypton
creates stability problems which must be considered as part of the
overall trade-off.

Before breaching the subject of stability,

however, the relationships between divergence and transverse mode
number (order) must be discussed.
Fox and Li, Boyd and Gordon, and Boyd and Kogelnik4-6 provided
the initial theory for modes in optical resonators.

The modes

represent configurations of the electromagnetic field which are
solutions of Maxwell's equations subject to the boundary conditions
of the open resonant cavity, illustrated in Figure 2.

A transverse

mode is depicted by the field reproducing the same transverse
pattern, except for a total phase shift and loss, after a round trip
through the cavity.

One of the simplest and most graphic approaches

toward solving an arbitrary resonator configuration for its transverse modes is the iterative computer approach first used by Fox and
. 4
1 1.

This approach uses the Kirchhoff formulation of Huygen's

principle with the Fresnel degree of approximation (retention of
second order terms):7,8

.-jkd

u (x 'Y) = J e A

.J Juo (xo 'yo)
1nput

exp

{

-j

( k )
2d

plane

lr(X

- X )2
0

+

(y - y ) 2]
0

} dx dy
0

(1)
0

11
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FIGURE 2
RESONATOR MODE PARAMETERS
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where k =

2n

~'

A is the wavelength of the radiation, and d is the

mirror separation.

The integral can be viewed as a convolution of

the (complex) input wave ~ (x ,y ) with a complex Gaussian weighting
0

0

0

function to produce the resultant u(x,y).

In the Fox and Li tech-

nique, an initial amplitude function was chosen arbitrarily at one
mirror and the integral transformation applied to calculate the
resultant amplitude after one reflection from the opposite mirror.
The new function was then inserted as the input to the integral
transformation, and the result of a second reflection calculated, and
so forth.

Because, for most modes and resonator configurations, the

integral equation is extremely intractable,
each amplitude calculation.

7

a computer was used for

The computation process was repeated

until the wave amplitude converged to a function that did not change
form upon transformation.

This function was then by definition a

transverse mode of the system.

Repeated computer runs of this type

gave the lowest loss mode patterns and mode losses for resonators
having arbitrary geometry.

It was shown that the loss per transit

through the resonator increases with mode order and that certain
resonator geometries have lower losses than others.
Another method for solving for the transverse modes is to look
for solutions of Maxwell's equations that describe narrow beams, and
then make the resonator mirror surfaces match phase fronts of the
cavity mode so that the beam reflects back exactly on itself.

9
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Regardless of the method, the result is necessarily the same:

a

transverse mode function which when integrally transformed by the
Kirchhoff integral, reproduces itself (and so is an eigenfunction of
the resonator).

The transformation given by Equation (1) is satis-

fied by each member of the doubly infinite set of modes

ilmn(x,y,z)

=

[

.

exp

[-j ~

m;n

= 0,1,2. . .

(x2

1

2m + nm!n!

J~ w(z)
1

H (

12x )

m w(z)

H (

n

12x )

w(z)

+ y2)/q(z)Jexp [-jkz + j(n + m + l)ljl(z)]

(2)

where w(z), the fundamental mode beam spot size at distance z, q (z),
the complex radius of curvature, and

1/q(z) = (z +

jTIW
0

~(z)

are given by

2/A)-l, and w(z)

=

tan

-1

7

AZ
'JTW

0

2

(3)

H (x) is the Hermite polynominal of nth order, and w is the minimum
n
o
beam diameter, located at z

=

0.

The integers m, n and q label the various members of the
sequence of higher order modes given by Equation (2), the common
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notation being TEM
mnq

The integer q is equal to the number of half

wavelengths along the resonator axis, is a very large number, and is
thus frequently omitted from transverse mode notation.

As written,

the modes are normalized such that
()()

(4)

1
-oo

independent of m, n, or the longitudinal coordinate z.

Each of the

transverse modes retains the same transverse form at every longitudinal position, z, except for a change in transverse scaling due to
the factor w(z).
Perfect mirrors with circular apertures impose a circular mode
geometry.

The mode geometry seen in the laser under study was

normally circular.

To describe the modes of such a system one uses

cylindrical coordinates (r, 8, z) and corresponding mode numbers, p,
1, and q.

The transverse field profile is then given in the

Gaussian-Laguerre form as

u

pt(r,G,z)

=

2

7

p!
n(£ + p)!

1
w(z)
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where
t~D

L~

is the associated Laguerre polynominal, and 0 t is unity for
0

and zero for 1>0.

As a practical matter, the presence of

Brewster-angle windows, misalignments, or non-uniform optical
components in the resonator can cause any real laser to oscillate in
mode patterns having the Hermite forrn.

7

To obtain the Laguerre form

of mode pattern, the resonator system and laser tube must be very well
aligned.

It is of interest to note that although the rectangular and

cylindrical coordinate functions are quite different in appearance,
either set can be used as a complete set for expanding any beam
profile.

Each of the Laguerre modes represents a linear combination

of a certain number of Hermite modes, and vice versa.
In cylindrical coordinates, the radial intensity distribution
of allowable circularly symmetric TEMpl modes is given by

(6)

Spot size, w(z), of the Gaussian beam is defined as the radius at
which the intensity of the TEM
mode is 1/e
00
the axis.

2

of its peak value on

The intensity distribution of the three lowest order

circularly symmetric modes, described by Equation (6), are plotted
in Figure 3.

The spot size for the higher order modes is defined as

the radius at which the intensity is 1/e
outermost peak of that mode.

2

of the intensity of the

As shown, the mode radius increases
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with mode number.

As indicated by the fact that both the Hermite and

Laguerre radial distributions are normalized to the spot size of the
Gaussian profile, the ratios of different mode diameters remain
constant in any plane, in or outside the resonator.

If two modes

exist simultaneously (a common occurrence), the intensity distribution resulting from the superposition of the two modes will be the
2 7
same in the near or far field. '

The common method to suppress

oscillation in a given mode is to introduce a circular aperture
within the resonator which is adjusted to introduce large diffraction
losses for the mode to be suppressed while allowing lower order modes
which have smaller diameters to oscillate.lO,ll

This is the laser

mode control technique used in the present work.
Figure 2 illustrates the parameter definitions necessary to
describe the laser resonator.

The beam waist, w , is located at the
0

plane in which the beam wave front is planar.

The wavefront, which

is a Gaussian plane wave at the waist, is a Gaussian spherical wave
with complex curvature q(z) (defined by Equation (3)) at all later
planes.

At sufficiently large distances from the waist, the wave-

front is spherical.

2

At distances satisfying z>>ww /A, we have by
0

Equation (3),
w(z) =

WO [

1

+(

TI~: 2)

r

2

and

W(

z) "

~~

O

( 7)
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The beam diverges linearly with distance, at a constant cone angle
given by

(8)

'TTW
0

The higher order modes diverge at a constant factor greater than S,
as was illustrated in Figure 3.
Gaussian beam theory can be further applied to find the Gaussian
.
.
.
l, 9
spa t slzes
a t th e t wo resona t or mlrrors,
an d at t h e b earn walst.
These are shown in Figure 2 and are given by:

4

wl

4

w2

w4
0

=

d
R - d
2
R - d Rl + R2 - d
1

c :l f
( AR2 ) Rl - d
2

IT

d

R2 - d R1 + R2 - d

= ( l ) 2 d (Rl - d) (R2 - d) (R1 + R2 - d)
IT

(R

1 + R2

(9)

-

2d) 2

(10)

(11)

As has been discussed, the spot sizes (at the mirrors and elsewhere)

and the divergence of the higher order modes will be greater than the
comparable parameters for the Gaussian distribution by a constant
factor.

The diameter of the mode in the resonator cavity being

greater for the higher order modes, allows the modes to occupy a
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larger volume than that occupied by the fundamental mode.

The

larger volume allows the modes greater access to inverted population
in the medium, and the total output power is greater.

This assumes,

of course, that the mode is not constricted by the tube bore diameter.
Because mode diameter and divergence are a function of wavelength
(e.g., Equations (8) and (9)), and a krypton laser output is distributed over most of the visible spectrum, there is a considerable
compromise among divergence, total power, and power distribution,
as a function of wavelength.
B.

Competitions and Their Effect on Laser Stability

1.

Importance of Stability
The use of a laser as an illumination source in an application

such as remote spectroscopy requires a radiation output that has
both total power and spectral power distribution stability.

Such

applications require a comparison of transmitted laser power to
collected (by a receiver) radiation, as a function of wavelength, and
at a specific instant of time.

The origin and magnitude of noise and

instability of laser oscillators has been intensively studied since
the advent of the laser, most of the work being with helium-neon and
argon gas lasers. 12-14

These studies have shown that the noise and

stability characteristics of the laser output differ markedly from
the classical incoherent light source.

As a result, if in laser

illumination applications there is a shift in laser power output that
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is not monitored, an error will be introduced into the transmittedreceived radiation comparison.

In multispectral output applications

the importance of stability is compounded, for spectral distribution
ratios are compared, and a change in laser output power distribution
(even at constant total power) can lead to error.
Much of the past work on the noise characteristics of laser
oscillators has been concerned with fundamental origins of noise and
frequency characterization of the laser noise output.
are normally for single transition output only.

The studies

The major effect

that is of concern in the present study is better described by the
term stability than by noise.

The use of a krypton laser in multi-

line operation and in low-order transverse modes leads to temporal
changes in output intensity that are not observed in single line,
fundamental mode operation.

The fluctuations in output are very low

7 15
frequency shifts in the average power output. '

It is therefore

in the sense of frequency of the power shift that a differentiation
between noise and stability is made.
other types o f gas 1 asers,

15

As has been shown in work with

. .
compet1t1on
e ff ects to b e d.1scusse d

below lead to low frequency instabilities in the output; this is
verified by the experimental data presented in Section III.
2.

Krypton Spectroscopy
A distinguishing characteristic of singly ionized krypton is

that it is the only medium presently capable of simultaneous emission

21

of wavelengths spanning the visible spectrum and with total output
power greater than one watt.

(Xenon has more oscillating transitions,

but is not commercially available with reasonable output powers.)
Table I lists the major krypton transitions and Figure 4 is the
.
correspond 1ng
energy 1 eve 1 d"1agram. 1,16-18

There are oscillating

transitions in krypton that share either an upper or a lower energy
level with another transition.

The level sharing can, under some

conditions, cause adverse competition among the lines.

Both upper

level competition for the same excited atoms for stimulated emission
and lower level population increase due to increased absorption of
each line affect output power.

When several transitions share an

upper level, usually only one transition will oscillate; the
19
.
. .
h as b een terme d t h e d om1nant
.
. .
osc1"11 at1ng
trans1t1on
trans1t1on.
All things being equal, the dominant transition will be the one at
the longest wavelength, because it would have the greatest gain.

20

However, for transitions that do not differ greatly in wavelength,
factors such as the spontaneous emission probability or the rate of
depopulation of the lower level can determine the dominant
. i on. 20
translt

The problem of transition competition and dominance

was first studied in detail with the HeNe laser.

In HeNe, the 3.39

micron line and the 0.6328 micron line share an upper state, and
the former dominates.

A. L. Bloom first demonstrated how to remove

the dominance by incorporating a dispersive element (in this case,
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Wavelength
(Microns)

Competitive Wavelengths
(Microns)

0.4619

0.4846, 0.5682, 0.6471

2
5s P312 Lower

0.4680

0.4702, 0.4825, 0.6764

2
5s P 1/2 Lower

0.4762

0.4680, 0.4825, 0.6764

0.4765

0.5682
0.5208, 0.5309

5s 2 P 1/2 Lower
4 .
5p o512 Upper
4
5s P3;2 Lower

0.4825

0.4680, 0.4762, 0.6764

5s 2 P 1; 2 Lower

0.4846

0.4619, 0.5682, 0.6471

2
5s P3/2 Lower

0.5208

0.4765, 0.5309

4
5s P3;2 Lower

0.5309

0.6471
0.4765, 0.5208

4
5p P5/2 Upper
4
5s P312 Lower

0.5682

0.4765
0.4619, 0.4846, 0.64 71

4
5p D5/2 Upper
5s 2 P3/2 Lower

0.6471

0.5309
0.4619, 0.4846, 0.5682

4
5p P5/2 Upper
2
5s P3/2 Lower

0.6570

None

0.6764

0.4680, 0.4762, 0.4825

0.6870

None

Common Level

5s2 P1 /2 Lower

GP73-0258 ·4

TABLE I
COMPETING TRANSITIONS IN SINGLY IONIZED KRYPTON
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3/2

1/2

Note: Wavelength in microns

3/2

FIGURE 4
KRYPTON PARTIAL ENERGY LEVEL DIAGRAM
GP73-0258 -6
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a prism) into the resonator to deviate the longer wavelength from
the resonator axis (increasing its diffraction losses) until it did
not osc1.11 ate. 21

The shorter wavelength 0.6328 micron line was then

allowed to oscillate.

In this manner, lines in a number of gases

have been observed that normally would be quenched by dominating,
higher gain transitions.
Interaction between lasering transitions in ion lasers gives
rise to what is termed "normal" competition when the increase in
intensity of one laser line results in a decrease in the intensity
of another.

The opposite behavior, an intensity increase in one

line causing an increase in another line, has also been observed,
and is called "anomalous" behavior.

22

The first observation of this

effect was in an experiment by Merkelo and his co-workers with an
argon ion laser.

They modulated a single, prism selected transition

with a mechanical chopper, and fed the modulated line back into the
laser.

By monitoring the other simultaneously oscillating lines,

they found several anomalous pairs where modulation of one transition
resulted in in-phase modulation of another transition.

These

anomalous effects were later explained by Ferrario, Sironi, and Sana,
who extended the work to krypton.

23

They found that in all cases

of anomalous behavior, there is a radiative transition connecting the
upper level of the directly modulated laser line with the lower level
of the

c ~oss-modulated

(in-phase) laser line.

An example of such

25

anomalous behavior is the competitive behavior between the 0.5682
micron (Sp 4n

312

+

2
Ss P

312

krypton laser lines.

) and the O.S208 micron (5p 4P

4

312

+ Ss P

312

)

The anomalous behavior when the O.S208 micron

line is directly modulated can hardly be a ccounted for by the
4
spontaneous coupling transition at 0.6322 micron (Sp P

312

+

2
Ss P
)
312

alone, due to its low intensity (spontaneous transitions are not
shown in Figure 4).

This behavior can be explained, however, by an
4

"indirect" coupling via the 0.6471 micron (Sp PS/

4

transition, since the levels Sp PS/

2

+

2

) laser
Ss P
312

4

2

and Sp P
are strongly
312

coupled by a thermalization mechanism due to their small energy
-1

difference (362.79 em

).

Strong oscillation of the O.S682 micron

transition increases the population density of the lower state
shared by the 0.5682 and 0.6471 micron lines, thereby reducing the
intensity of the latter (normal competition).

This permits the
4

upper state involved in the 0.6471 micron transition (Sp PS/ ) to
2
4

lose its excess population through thermalization to the (5p PS/ )
2
upper state of the O.S208 micron transition, thus enchancing it.
The work by Ferrario did not include investigation of all the lines
simultaneously available from krypton, but in the longer wavelength
region, anomalous behavior was noted between the 0.6764 micron and
the O.S208 micron laser transitions.

Ferrario also reported some

"normal" (i.e., out of phase) competitions that are not evident from
simple level sharing.

These included competition between the 0.6471

26

and 0.5208 micron lines and the 0.5682 and 0.6764 micron lines.
Statz, de Mars, and Tang, have pointed out, however,

24

that the

observations of Merkelo are somewhat ambiguous since "larger
modulation amplitudes or even larger discharge currents would change
the phase of the 0.5147 micron line (an argon laser line) modulation
by 180°."

Statz has made an argument that much of the normal and

anomalous competition effects (and more) are related to self-locking
of the longitudinal modes and non-linear mode interaction.

This

subject is further discussed in the next section.
The technique of using a dispersive element in the cavity to
remove dominance and allow oscillation of each line, regardless of
competition, is now a standard method for single line oscillation in
most gas lasers (e.g., argon and krypton).

The problem of simulta-

neous multiline operation is how to "spoil" the dominating line
sufficiently to allow its competing lines to oscillate, but not
enough to quench the dominant line.

The more popular lasers such as

ReNe and Ar have competing lines, but in the former, the lines are
widely separated in wavelength, and there is not a great deal of
impetus to have simu1 taneous

.

.

em~ss1on.
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Argon, on the other hand,

has large power output with about seventy percent of the total in
two lines, 0.4880 and 0.5145 micron wavelength.

These two lines do

not compete directly (a lower level is shared), and competition is
not normally a major problem.

Table I shows, however, that the

27

majority of the lines in krypton are capable of competing in some
fashion.

There have thus been several investigations to determine

optimal conditions for simultaneous emission of the major lines.

26 28
-

The variables available for optimizing multiline output include
cavity geometry, discharge current, mirror spectral response, plasma
magnetic field magnitude, and gas pressure.

Parametric studies to

date have been inconclusive and incomplete, and even consistent
trends toward optimization have been absent.

27 28
'

It is clear from

the work that has been done that conditions for maximum output with
single line emission and multiline emission are not necessarily the
same.

27,29

Because most commercial lasers are designed to be used

in single line operation, multiline operation is "optimized" by
minor magnetic field changes and custom mirror fabrication.

The

spectral response of multiple-layer dielectric coated mirrors can be
tailored to spoil some dominating lines and aid others.

In principle

this technique could work well with krypton, but the capability to
readily adjust mirror spectral response in a predictable, economical
manner is not yet available.

An empirical approach to optimizing

krypton power output and spectral distribution by mirror selection
has made some improvements,

17

however, and selec t e d multiple-layer

dielectric mirror coatings were used i n this work.
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3.

Low Frequency Noise Characteristics
The purpose of this section is to discuss some aspects of

previously reported work concerning noise modulation of a laser beam.
Specific attention is given to noise sources directly affecting the
use of a krypton laser in multiline, low order transverse mode
operation as an illumination source.
Fluctuations in the power output of an ion laser may be caused
by a number of factors, including the following:
1.

Ripple in the anode, solenoid, or filament power supplies.

2.

Optical cavity loss change or cavity length change caused by
mirror movement or variation of the index of refraction of the
air.

3.

Mirror spectral response change caused by thermal gradients or
mirror surface contamination.

4.

Competition effects among transitions, transverse modes, or
between adjacent cavity modes.

5.

Fluctuations in the active medium (the plasma) caused by
instabilities in the discharge.

The effects of the first three of the above fluctuation sources are
kept to a minimum in a well engineered, commercial ion laser such
as the laser being tested.

The latter two factors are fundamental

in origin, are greatly influenced by the manner in which the laser
is operated, and are especially important when the active medium is
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one of the heavier gases such as krypton.

Transition competition

effects were previously discussed, and discharge instabilities will
be discussed in Section II.C.

This section discusses the effects of

nonlinear interaction among longitudinal modes and the specific
implications of the interactions for a multi-wavelength krypton
laser.
The effect of random discharge noise on the laser output has
been studied as a function of laser operating parameters by a number
.
.
12,13,30
of 1nvest1gators.

Prescott and van der Ziel have made

correlation measurements between the beam noise of a low power laser
and its discharge noise.

They found a correlation of about 0.8

between the laser noise and the discharge noise (measured at the
side of the tube) in the frequency range of 2 to 100 KHz.

The con-

elusion was that the discharge noise is the main source of laser
noise at low power levels.

However, Bellisio, Freed and Hans found

that discharge noise can vary as much as 40 dB for different laser
resonator configurations and operating conditions.

It has also been

observed that in some cases only a slight increase in discharge
current is needed to cause the discharge noise to jump 40 dB.

31

Typically the noise amplitude is a maximum at low frequency, and
decreases monotonically with increasing frequency at frequencies less
than 1 MHz.

32

The disparity

m measured

noise magnitude leads to the

conclusion that factors other than random discharge noise must be
involved in the total noise modulation.

30

The optical transitions which give rise to laser action in ion
lasers are relatively short, with the width of the fluorescent lines
expected to be approximately 15 MHz

33

.

In a typical ion laser the

gas pressure is relatively low (a couple of hundred millitorr), and
the plasma temperature is at a few thousand degrees centigrade.

The

latter fact gives rise to significant Doppler broadening of the
individual lines.

The spectral distribution of a Doppler broadened

line is a Gaussian function whose width between 1/e points is a
function of atom emission frequency, the temperature of the active
medium, and atom mass.
order of 2.5 GHz.
total line width.

35
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For krypton, the Doppler width is on the

Other broadening mechanisms also influence the
Pressure broadening is due to a shortening of the

natural lifetime of an excited state as a result of collision with
another atom with transfer of energy and/or a change of phase.

The

lifetime decreases as the pressure increases and the mean time between
collisions decreases.

There are still other broadening mechanisms

such as radiation broadening and broadening caused by Zeeman
splitting of the lines by the axial magnetic field, but the dominant
broadening mechanism for ion lasers is that due to the Doppler
e ff ec t .

7,33

The Doppler broadened line is inhomogeneous.

By inhomogeneous

it is meant that an applied signal does not have the same effect on
all the atoms in the inhomogeneously broadened collection.

31

Different atoms or groups of atoms have slightly different resonance
frequencies on the same transition, owing to Doppler shifts or other
types of inhomogenieties.

The "smearing out" of individual atom

center frequencies, and the resultant response, leads to the Doppler
broadened gain, or response, of a transition.

An applied signal at

a given frequency within the overall inhomogeneous linewidth
interacts strongly only with those atoms whose shifted resonance
frequencies lie close to the applied signal frequency.

The essential

feature of a homogeneously broadened transition is that every atom
in the collection has the same center frequency, lineshape, and
frequency response, so that an applied signal has exactly the same
effect on all the atoms in the collection.
The saturation characteristics of an inhomogeneous transition
are very different from those of a homogeneous transition, and these
differences are important in ion lasers.

In a homogeneously

broadened collection, a strong signal applied anywhere within the
linewidth saturates the line.

This is because the atoms have the

same response and center frequency.

In an inhomogeneously broadened

collection, a strong applied signal will saturate the population
difference only for those atoms with which the signal strongly
reacts.

With increasing power, the strong saturating signal will

in essence "burn a hole" in the atomic absorption curve (i.e., gain
curve), affecting only atoms with resonances immediately adjacent

32

to the signal frequency.

Atoms with resonances at other frequencies

will be essentially unchanged.

It can be shown that the hole is at

first approximately two homogeneous linewidths wide and becomes
steadily deeper and wider as the hole reaches the gain-equals-loss
line, and atoms further away from the signal frequency are affected.

7

Laser output is not continuous over the broadened line, but
rather occurs at discrete frequencies.

The laser cavity will be

resonant at frequencies such that a standing wave can be established
between the reflectors.

The resonant frequency including the

longitudinal (axial) and transverse modes is given by

where d is the separation between mirrors of curvature R

1

and R ,

.
1y d.1scusse d . 7, 33
and m, n, an d q are t h e mo de numb ers prev1ous

2

For

purposes of the immediate discussion we are interested mainly in the
longitudinal mode resonant frequency.

The axial resonance condition

is
f

c

= ~

2d

q(llf )
c

(13)
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These are the frequencies at which the cavity will oscillate, apart
from a very small correction due to mirror curvature and dispersion.
For a one meter cavity,

~f

c

is approximately 150 MHz.

The Doppler

broadened line in the krypton ion laser is approximately 2500 MHz,
so the potential exists for many longitudinal resonant modes to be
oscillating simultaneously.

The exact number that exist depends on

a number of factors including cavity loss, pumping rate, and the
degree of homogeneous and inhomogeneous broadening.
The oscillation spectra of ion lasers has been studied by a
number of investigators because of their importance in explaining
laser noise, and in obtaining single frequency or stable frequency
operation.

Two results important to the present study were reported

by Bridges and Rigrod in their investigation of argon spectra.

36

First, at moderate levels above threshold, the output spectra were
extraordinarily stable, and were usually characterized by gaps of
many mode spacings between oscillations.

The hole widths and

frequency spacing between oscillations were larger than expected,
the latter being three to six times the passive cavity predictions.
Secondly, above a critical discharge current, the stable spectrum of
widely separated oscillations was replaced by an unstable "multimode"
pattern of oscillations appearing in random sequence at all longitudinal mode frequencies, c/2d apart.

The transition to the

fluctuating spectrum was not marked by any abrupt change in output
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power, suggesting that relatively few of the observed modes were
oscillating simultaneously.

The violent mode instability far

exceeded that ordinarily observed in ReNe lasers.

The modes

fluctuated such that each, at times, was extinguished.

Bridges and

Rigrod concluded that the stable oscillations (below the critical
current level) appear to be phase locked to each other.

By testing

a number of cavity configurations, it was determined that the onset
of multimode instability was not related to the discharge current,
and therefore could not be traced to discharge instability.

They

concluded:
"When one or two oscillating modes can deplete most
of the available inverted population, apparently
the stable coexistence of widely separated oscillations is no longer possible. Relaxation phenomena
similar to spiking, or perhaps small resonator
instabilities, may suffice to replace one set of
modes by another. One or two strong central modes
may be replaced by many more weak modes, etc., each
pattern tending to use up all of the available gain
at any instant. The fluctuation rate of the spectrum
increases with net gain, i.e., with increasing hole
widths."
The sum of the observed effects they said stemed, at least in part,
from the large natural linewidth of the ion laser.

This work with

argon was later verified and extended to krypton gas.
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Everything

said above concerning the argon laser was reported valid for krypton,
with the addition that the spectrum rarefaction was even more
pronounced.
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The consequence of the "jumping" longitudinal modes is a low
.
.
. output 1ntens1ty
.
.
f requency var1at1on
1n
of

15
t h e 1 aser.

As t h e rna d es

change, the holes (and their images) in the Doppler gain curve
coalesce and pass through each other.

The nonlinear interaction

causes changes in the power output represented by the modes responsible for the holes.

Because of the randomness of the mode shifts as

reported by Bridges and Rigrod, the resultant effect is an essentially
random variation in amplitude whose frequency spectrum (i.e., rate of
fluctuation) depends in detail on the number of modes, the power
output of the laser, and the rapidity of variations of resonator
parameters such as length.

For most lasers this type of noise is

observed as approximately a 5 to 10% variation in output with
time constants of the order of several seconds to one minute.

15

In an extension of the work by Bridges and Rigrod, Forsyth
reported even further departures from expected emission behavior in
argon. 38

By allowing simultaneous oscillation of the 0.4880 and

0.5145 micron lines, the. mode spectrum remained unstable, but was
changed in shape and magnitude.

When the cavity lengths were made

unequal for the two simultaneous transitions, the spectrum of the

0.4880 micron transition completely changed.

The severe mode

competition effects disappea red, and a stable situation resulted
(such as that described by Bridges and Rigrod for operation near
threshold).

As the cavity lengths were made unequal, the spectrum

36

for the 0.5145 micron line showed an abrupt transition to a stable,
single longitudinal mode output.

Statz and his coworkers later

confirmed the observations of both Forsyth and Merkelo (referenced
in the transition competition discussion), and suggested that the
two reported phenomena were related, but that a more complicated
interaction was occurring than could be explained by the fact that
both transitions compete for output power due to a common energy
level. 24 , 39

They further suggested that the interaction was

intimately related to the self-locking of laser modes observed in
many lasers, especially krypton.40

This was supported by the fact

that the observed anomalous competition primarily occurred near
threshold where inhomogeneous hole burning was more pronounced and
single mode oscillation more probable. 22

Although the details of

the mechanism are not clear, it is evident that a nonlinear coupling
(other than transition competition) between transitions is present
under some conditions.39
An additional important aspect of multi-longitudinal mode laser

operation was reported by Targ and Yarborough as a result of their
work with helium-neon and argon lasers. 3

They presented results

showing that when the laser was mode-locked (i.e., the longitudinal
modes had a fixed phase and frequency relationship), there was
typically a 20 dB noise suppression compared to the free-running
(unlocked) case.

In addition, when the laser was mode-locked,

37

off-axis modes (higher order transverse modes) were suppressed.
They hypothesized that in the usual free-running case, the temporary
absence of a given axial mode may allow the emergence of an otherwise
below-threshold off-axis mode.

Since the axial and off-axis modes

share, to some extent, the same inverted population, the off-axis
modes were quenched by any mode coupling technique that eliminated
competition and guaranteed that the axial modes oscillated all of
the time.

The noise that was suppressed was that directly

attributable to mode competition in the free-running laser.

The

residual noise when the laser was mode-locked was essentially
indistinguishable from the detector shot noise.
C.

Plasma Modulation Effects on Output Stability
In contrast to the relatively low-frequency fluctuations in the

laser output intensity due to mode interaction, fluctuations in
the discharge plasma density can cause significant high-frequency
noise on the beam.

The discharge-caused noise does not usually occur

in RF excited lasers, but can occur in DC excited discharges. 35

The

discharge associated noise can occur in two basic forms, as a random
noise fluctuation or as an intensity modulation at discrete frequencies.

The effect of random discharge noise on the ion laser

output has been studied as a function of laser operating parameters,

.

and the resulting laser designs minimize this type of no1se.
Output modulation at discrete frequencies due to discharge

32 41
'
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instabilities is much more of a problem with the heavier laser
gases such as krypton and xenon, than the more common gases such as
argon or helium and neon.
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The present work is concerned with

discrete frequency modulation of the output beam and its association
with the plasma discharge characteristics.
Much of the limited amount of investigation of discrete
frequency discharge instability has been the result of laser design
and glow discharge studies.

The region of discharge instability has

been found to be markedly a function of gas pressure and current
.
43
d ens1ty.

Parametric measurements on argon discharges have shown

that there is a critical pressure marking the stable-unstable
discharge region boundary, and that this pressure is a predictable
43
.
.
funct1on
o f t h e current d ens1ty.

Modulation frequencies in

helium-neon lasers have been measured in the frequency range between
150kHz and 600 kHz.

44

In argon, Halstead, Bridges and Mercer

measured fundamental modulation frequencies in the range from 150 kHz
to 220 kHz, with as many as five harmonics, but experimental details
have not been published.
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They reported that the fundamental

frequency of the modulation and the number of harmonics were a
function of gas pressure, magnetic field, and discharge current.
At low power levels, they observed a peak-to-peak modulation as high
as 12% of the average laser output.

They also measured modulation

in the plasma spontaneous emission and determined that the modulation

39

was strongest in the cathode and cathode throat regions of the discharge, but not in the bore itself.

They hypothesized that the

modulation may thus be due to ion acoustic waves excited by the
double sheath in the throat region as observed by Crawford and
Freeston.

45

Illustrating the fact that the origin of the discrete

frequency modulation is not yet known, Halstead and his coworkers
also suggested that it may also be related to the Kadomtsev plasma
.

~nsta

b.l.
46
~ ~ty.

A rough calculation by Halstead of the expected

frequency of the Kadomtsev instability yielded reasonable agreement
with their observed values.

They have pointed out, however, that

additional theoretical and experimental work would be necessary
before a

. .

pos~t~ve

42 47
.d ent~.f.~cat~on
.
cou ld b e rna d e. '

~

It should also be noted at this point that there are additional
beam modulations at very high frequencies (tens of megahertz and
above) generated by mixing between different longitudinal and
transverse mode frequencies.

These are entirely unrelated to the

plasma instabilities discussed above.
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III.

RESULTS AND DISCUSSION

A.

Output Power and Divergence Measurement

1.

Introduction
The use of a krypton laser as a multispectral illumination

source is an unusual application, and there are a number of compromises necessary to achieve optimum and predictable performance.

It

is, of course, desirable to have as much total laser power as possible.

For a multispectral application, a relatively uniform

spectral power distribution and minimum divergence are also desirable, as is output power stability.

As discussed in Section II,

Review of the Literature, a laser power increase can be obtained by
operation in transverse modes higher in order than the fundamental
TEM
mode.
00

Because

t~e

multiline output of a typical krypton laser

ranges in wavelength from 0.4680 microns to 0.6764 microns, for a
given resonator geometry, each transition can oscillate in a different transverse mode.

Thus the power increase (over TEM

tion) for each line can be different.

00

opera-

The increase is not neces-

sarily linear with wavelength, because mode volume (determining the
power increase) is a complicated function of parameters such as
resonator geometry, diffraction losses, and transverse mode competition.

Beam divergence also increases with mode number and wave-

length as previously shown.

The total beam divergence is determined

by the same factors that influence output power.

The number of

simultaneously oscillating transverse modes at any one wavelength
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has an effect on both power and divergence.
There is then a compromise between first, output power, and
second, divergence, when operating in higher order transverse modes.
As discussed in Section II, there is a third consideration.

The

transitions at the wavelength extremeties can oscillate in completely
different transverse modes, leaving the other transitions in transverse modes that may only be marginally sustained (only slightly
above threshold gain).

Evidence of the many degrees of mode "purity"

can be seen in the smooth shape change of an intensity profile as
resonator diffraction losses are increased.

The question is then

posed, by the writer, of whether or not the marginally existing
transverse mode(s) can cause a laser output instability (modulation)
which would be compounded by transition competition effects.

Longi-

tudinal mode interaction can cause transverse mode instabilities as
Targ has reported,

3

and the instabilities are directly attributable

to longitudinal mode movement in high gain ion lasers.

The third

consideration in the power-divergence measurement is then to determine if the higher order transverse mode operation at any point can
produce power instabilities caused by marginally oscillating offaxis (transverse) modes.

This section will discuss the power and

divergence measurement, and the following section will describe the
corresponding measurement of output stability as a function of wavelength and mode number.
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2.

The Laser
The laser used in the investigation is a commercial, state-of-

the-art krypton ion laser designed for maximum output power and
stability.

The electrical power source is a current-regulated supply

(regulated within 0.5% of the output) which DC excites a plasma tube
formed from segmented graphite, with integral gas return channels and
ballast tank to maintain stable tube pressure.

A longitudinal mag-

netic field is provided by a solenoid coaxial to the plasma tube.
The field constrains the plasma, and the field magnitude is adjusted
to optimize the output power.

The resonator structure is designed to

minimize the effects of acoustical disturbances and thermal gradients,
thereby achieving maximum amplitude stability.

The plasma tube is

cooled by circulating water.
Single wavelength oscillation is possible by installation of a
Brewster prism external to the plasma tube.

The prism disperses the

beam before it is incident on the rear mirror, increasing diffraction
losses for all wavelengths not coincident with the optical axis.
Adjustment of the angle of the prism to the resonator axis permits
oscillation of each individual wavelength.

The use of this laser as

a multispectral illuminator requires all lines to oscillate simultaneously.

For multiline emission, the prism is removed and replaced

with the total reflector mirror.

With no dispersion, all lines

having sufficient gain will oscillate simultaneously.

The simulta-

neously oscillating lines in this laser fall into four basic color
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groups, or channels:
Basic Color
Red

Wavelength
0.6764 micron
0.6471*

Yellow

0.5682*

Green

0.5309
0.5208*

Blue

0.4825
0.4762*
0.4680

The four lines having the greater output are indicated by an asterisk.

The 0.5309 micron line does not normally oscillate if the

0.6471 micron line is oscillating, because of extremely strong competition between the transitions.
In either single line or multiline operation, transverse mode
control is obtained by diameter adjustment of an internal aperture
located between the exit mirror and the front Brewster window,
coaxial with the resonator axis.

As the diameter of the aperture is

increased, the Fresnel number of the cavity is increased, and higher
order modes become dominant.

Their larger diameters permit higher

order modes access to a greater number of excited atoms.

Lower

order modes may compete for the excited atoms nearer the axis, and
are not necessarily suppressed by the oscillation of the dominant
higher order mode.

The resulting mode is therefore not generally a
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pure transverse mode, even at one wavelength, but a mixture containing one or more lower order modes.

Verification that the mode mix-

ture does indeed exist has been made in an argon laser by observing
the beat frequency spectrum between different modes.

2

Movement of a

detector across the intensity profile produced the frequency differences expected with the existence of different transverse modes,
oscillating at different points in the beam cross section.

The power

contribution of the lower order modes is generally overshadowed by
that of the dominant mode.
The basic laser design utilizes a 5 meter curvature exit mirror
with a flat total reflector.

The bore diameter of the plasma tube

becomes the limiting aperture of the system and controls the upper
mode order.

The highest order mode with this set of mirrors is the

TEMOl*' the "donut" mode.

In order to obtain and evaluate operation

in modes higher in order than this, the flat total reflector was
replaced with a 3 meter radius total reflector.

This, used with the

5 meter radius output mirror, allowed oscillation of the TEM

10

mode,

as will be shown later in this section.
For purposes of discussion and comparison with experimental
data, it is necessary to calculate the beam spot size at the resonator waist and the beam divergence, both as a function of wavelength.
It is also of interest to calculate the beam spot size at each of the
resonator mirrors.

Table II gives the passive cavity (i.e., no

amplifying medium) calculation results for the laser used.
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Resonator
Configuration

Wavelength
(Microns)

w 1 (mm)

w2 (mm)

w0 (mm)

(3 (mrad)

(1) Without Prism,
Flat Reflector,
5m Exit Mirror

0.6471

0.654

0.712

w0 =w1

0.315

0.5682

0.612

0.695

0.295

0.5208

0.586

0.666

0.283

0.4762

0.561

0.636

0.270

0.6471

0.596

0.536

0.516

0.399

0.5682

0.558

0.502

0.484

0.374

0.5208

0.534

0.481

0.463

0.358

0.4762

0.511

0.460

0.443

0.342

0.6471

0.656

0.746

w 0 =w 1

0.314

0.5682

0.615

0.699

0.294

0.5208

0.589

0.669

0.281

0.4762

0.563

·o.640

0.269

(2) Without Prism,
3m Reflector,
5m Exit Mirror

(3) With Prism,
Flat Reflector,
5m Exit Mirror

GP73-0258·5

TABLE II
PASSIVE CAVITY BEAM DIVERGENCE AND SPOT SIZE
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The nomenclature is the same as that used in Figure 2, and the
calculations were made using Equations (8) through (11) in Section II.
The laser manufacturer states that the mirror separation, d, is 1.130
meters with the prism installed and 1.105 meters without the prism.
The flat total reflector was always used when the prism was in place
(configuration (3)).

There were two mirror sets used otherwise, a 5

meter output mirror and flat total reflector (configuration (1)), and
a 5 meter output mirror and 3 meter radius total reflector (configuration (2)).

As previously discussed, the spot sizes at the output

mirror, w , and at the end mirror, w , assume TEM
operation, as
00
1
2
does the divergence S.

Table II illustrates that the waist size is

inversely proportional to the divergence, and that divergence is
directly proportional to wavelength.

There is more than four times

as much variation in mode diameter due to wavelength separation in
krypton, than in the major lines of the more widely used argon laser.
The spot size and mode number of the several lines are thus more
varied in krypton when operated multiline.
For comparative purposes to be noted later in this paper, there
is one further consideration to be made when predicting the passive
cavity output characteristics.

Because this laser {by the manufac-

turer's decision) employs a concave (instead of a flat) output
mirror, there is a lensing effect on the beam.

The effect of the

five meter radius output mirror is to diverge the beam more than
would be predicted by the resonator theory.

To calculate the lensing
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effect, the beam can be treated as a paraxial ray passing through a
linear optical element.

The ray transfer matrix can be shown to pre-

diet the following ray slope change when the ray passes through a
concave mirror (radius R) with a flat second surface and index of
.

re f ract1on n :
2

7

=(

r

2

+

n 2 -n 1 ) r

n2R

r

l

(14)

1

In this equation, r ' is the resultant slope, r is the initial
1
2
position of the ray with respect to the optical axis, and n
index of refraction of air.

1

is the

To obtain a first order approximation of

the lensing effect, consider r ' to be zero (a good approximation at
1
the exit mirror).

The mirror substrate is fused silica, with an

index of refraction at 0.6471 micron of 1.456.
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The Gaussian spot

radius at the exit mirror with the prism installed and a flat total
reflector is 0.746 mm.
is 0.0468 x 10

-3

Inserting this into Equation (1) above, r '
2

radians.

The passive cavity divergence with the

above assumptions is equal to 0.314 x 10-

3

radians.

If the diver-

gence due to the lens effect is added to the cavity predicted divergence, the total predicted divergence is increased by the exit mirror
approximately fifteen percent.

This increase will be considered in a

later comparison of passive cavity divergence and the divergence
experimentally measured.
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3.

Measurement Method
To be able to predictably control the transverse mode order, it

was first necessary to determine a measurable parameter that was correlatable to the resonator aperture diameter.

The absolute diameter

of the aperture was not of importance, but it was necessary to be
able to repeat a given setting.

The aperture built integrally into

the resonator was not designed for fine adjustment, and it soon
became evident that too much movement of the aperture led to unreliable results because of strain on the front resonator structure,
resulting in output mirror misalignment.

Further, the aperture loca-

tion made it unfeasible to measure the actual diameter.
The 0.6471 micron line is in general the line with the greatest
power in a krypton laser.

It is also the transition that has the

largest mode diameter, for a given mode number.

This line was bore

apertured to TEM
with mirror configuration (1), and oscillated in
00
TEMOl* in mirror configuration (2).

As will be seen, it is quickly

apertured to TEM
even in the latter case.
00

It was therefore decided

to monitor the normalized output power of the 0.6471 micron line as a
function of aperture.

We defined a paramenter a as the ratio of the

power in the 0.6471 micron line at a given aperture, to the power at
full open aperture.

In this manner, any total power change caused by

pressure shift, alignment, or mirror alteration should not affect
reproducibility of the mode distribution.

The feasibility of using

the parameter a to denote relative aperture position was confirmed by
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using the method discussed below to measure beam profiles at several
wavelengths for a number of a values (different aperture settings) at
different times.

The mode profiles obtained, for equal a-values,

were identical, within an experimental error established by repetitive
measurements.
To minimize error caused by any lack of mode reproducibility, it
was advantageous to measure spectral power output at the same time
(approximately) that the divergence was measured.

Figure 5 is an

illustration of the general experimental arrangement.

Because the

laser emission is multiline, the beam was spectrally separated using
a blazed diffraction grating (600 1/rnm, 0.5 micron blaze wavelength)
positioned as shown.

A blazed grating was used in order to obtain

maximum dispersion and optical efficiency (i.e., maximum intensity
into the first diffraction order).

The incident beam was incident at

the blaze angle (Littrow), and the zero dispersion portion of the
spectrum directed across the room.

By marking the point where the

zero dispersion spectrum was incident on a wall, and fixing the location of the grating center in the beam, the grating could be removed
and replaced very consistently.

The grating efficiency (ratio of

power conversion into first order, to incident power on the grating)
was measured using the single line emission capability of the laser.
The power of a single line output was measured using an optical power
meter (Coherent Radiation Model 210), and the power again measured
after the beam was diffracted by the grating.

The ratio of the two
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measurements provided the dispersion efficiency (including coating
efficiency) for that wavelength.
of the major lines.

This process was repeated for each

Insertion of the grating into the multiline beam

and measurement of the first order diffracted power thus gave the output power at each wavelength.
The first method used to measure beam profile shape (and thus
divergence) was to scan the expanded laser beam by means of a
rotating mirror, onto a detector having a small entrance pupil.

The

detector output was input to the vertical (Y) axis of an XY recorder,
and the horizontal (X) axis input to the recorder was proportional to
the angular position of the scan mirror.

The X-axis input was

obtained using a potentiometer mechanically coupled to the scanner
shaft.

A voltage divider arrangement similar to that shown in Figure

5 supplied an adjustable X-axis input correlatable to beam location.
An achromatic lens was used, positioned before the scan mirror to
expand the mode pattern, making the ratio of profile width to detector aperture much larger than would be possible in the laboratory
utilizing the natural beam divergence.

A monochrometer was used to

spectrally separate the basic wavelengths in the detected signal.
(This is discussed further below.)

The advantage of this type of

arrangement is that the complex, multi-color, mode pattern can be
visually examined and positioned on the detector to measure specific
points of the profile.

For the lens and distances used, the mode

diameter at the detector plane was approximately eighteen inches,
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making detailed visual examination quite easy.

An evaluation was

made of the effects of laser misalignment on power output and profile
shape.

(This was a better method for these purposes than the

arrangement shown in Figure 5, to be described below.)

By visually

observing the mode shape (and mode number, in some cases) when aligning, and subsequently measuring the profile at each wavelength, we
confirmed the expected result, that maximum power was obtained when
the mode pattern had circular symmetry, i.e., when the mode was
Laguerre - Gaussian.

Profile measurement at each wavelength was

sometimes necessary to determine general mode shape because the
colors combine to make the overall pattern look "white," and specific
modes were difficult to detect visually.

Circular symmetry was thus

used as an alignment criterion in subsequent measurements.
There were two basic objections to the rotating mirror method
for profile measurement.

First, the aberrations in the available

short focal length lenses were enough to cause intensity variations
in the beam cross section at the detector plane.

The variations were

a combination of diffraction patterns from dust particles and optical
flaws in the lens.

The result was that the intensity profile was

very "noisy" in the sense that the plotted shape was the average of
the "jitter" caused by the intensity fluctuations.

The second objec-

tion to this method was that calibration for divergence measurement
was not straight-forward.

The calibration method was to include use

of the single line output, \vhose passive cavity divergence was known,
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to calibrate the sweep rate.

The exit mirror lens effect and the

magnification of the expansion lens would have to be taken into
account, also.

The literature investigation later indicated that

there is some variation from passive cavity prediction when an aperture is used within the resonator,
tatively described.

2

but the variation was not quanti-

When all these factors were considered, it was

decided to use the rotating mirror arrangement for examination
(emphasizing visual) of mode change with alignment and mirror substitution, and use the method described below for the calibrated
measurement of beam divergence.
Figure 5 then illustrates the method used to measure beam
divergence and power as a function of mode number and wavelength.
Figure 6 is a photograph of the instrumentation arrangement.

The

output of the krypton laser was directed by a mirror to a second
mirror located two laboratory rooms away.

The beam was directed, by

the second mirror, back to a detector aperture located close to the
laser.

The total beam travel distance from the resonator waist to

the detector aperture was 65.3 feet.

This distance was more than an

order of magnitude greater than the Rayleigh range for any of the
resonator configurations.

This distance ensured that the wavefront

at the detector aperture was essentially a spherical wave radiated
from a quasi-point source at the waist.

The conditions necessary for

the divergence to be equal to the spot size divided by the distance
between the waist and the measurement plane were then satisfied.

54

GP73-0268-9

FIGURE 6
INSTRUMENTATION FOR MEASUREMENT OF BEAM POWER,
DIVERGENCE, AND STABILITY
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The detection system was composed, first of all, of a pinhole
aperture (431 microns diameter) mounted at the entrance to an integrating sphere.

The integrating sphere output aperture (perpendicu-

lar to the incident beam) . connected to a fiber optics bundle input to
a Bausch and Lomb grating monochrometer (Model 33-86-25-02).

The

integrating sphere and aperture were mounted on an XY translation
stage.

The stage had mechanical screw adjustment for moving the

aperture vertically.

Horizontal movement was provided by a screw and

worm drive (40 threads per inch) driven by a synchronous motor (30
revolutions per minute).

The pinhole could be adjusted vertically to

the mode profile center, and then scanned horizontally across the
profile by the motor driven screw.

A ten-turn potentiometer was

mechanically connected to the motor drive shaft by a series of gears.
The gear ratio was such as to allow the full range of the potentiometer to be used when scanning the largest beam profile.

A small

direct current voltage supply was connected across the potentiometer,
and the voltage across the variable resistance portion of the potentiometer input to the X-axis rif the XY recorder.

The system was then

calibrated by correlating horizontal movement of the translation
stage (measured by the number of revolutions of the drive screw) to
the recorder X-axis movement.

The calibration obtained was a

0.10256 inch movement of the detector aperture per 0.50 inch division of the recorder X-axis.

Considering the beam travel distance,

the divergence calibration was 1.31 x 10-

4

radians per X-axis
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recorder division.

Because the calibration was independent of time

(a constant sweep could have been used, with the recorder X-axis on
time base), the synchronous drive motor speed was varied so that the
frequency response of the recorder was not exceeded.

The motor speed

could be decreased using a sinewave oscillator input to a 100 watt
audio amplifier which drove the motor.

Variation in the voltage in-

put frequency and magnitude to the motor (keeping constant magnitude
per cycle) controlled the synchronous speed.

The nominal input was

60 volts at 30 Hz, reducing the motor speed by fifty percent.
The Bausch and Lomb monochrometer was a conventional type
utilizing adjustable entrance and exit slits and a grating-concave
mirror combination.

The rejection ratio of the monochrometer was

measured (using the laser in single wavelength operation) to ensure
adequate rejection of unwanted radiation.

A light chopper was used

to modulate the beam at approximately 200 Hz, and the single wavelength beam was input to the monochrometer after being attenuated by
an appropriate neutral density filter.

The monochrometer grating

angle was adjusted to provide maximum output and the grating position
and PMT response noted.

(The PMT measures the monochrometer output

as a peak-to-peak value of the chopped beam.)

Without the grating

being moved, a known beam power at a second wavelength was input to
the monochrometer and the response noted.

The beam power used was

always the maximum single line power the laser would produce (which
was greater than the power of each wavelength in simultaneous
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emission).

The process was repeated for all other wavelengths with-

out changing the grating angle.

The ratio of the PMT output (taking

into account the neutral density filters) for the initial wavelength,
to the output at each of the other wavelengths, was then defined as
the rejection ratio of the monochrometer for the first wavelength.
This procedure was repeated for each of the four color divisions, and
the minimum rejection ratios were as follows:
Wavelength (micron)

Rejection Ratio

0.6471

1250

0.5682

1110

0.5208

7500

0.4762

900

The photomultiplier tube used to measure the monochrometer output was a type 7265 made by RCA.

Its wiring harness was designed for

the tube to operate at 2400 volts and have a ten to one ratio of
dynode string current to anode current.

This ratio prevents non-

linearity and spurious response caused by cathode-anode current
entering the dynode string.

The PMT also employed an avalanche

diode between the photocathode and first dynode to aid in keeping the
critical first dynode potential at a constant value.

The linearity

of the PMT at 2400 volts cathode potential was also measured.

An

incandescent light source was input to the PMT as neutral density
filters were used to shield the input.

The resultant plot of PMT

output versus light input showed linearity, within experimental
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error, over three orders of magnitude.

Subsequent use of the PMT was

within this region.
To obtain the mode profile as the integrating sphere aperture
was scanned across beam, the PMT output (from a 100 kilohm load impedance) was input to the Y-axis of an XY recorder.

The recorder

then plotted detector output (Y-axis) as a function of beam crosssection (X-axis).

To ensure that the recorder response was linear, a

series of known voltages were input to each axis and the responses
noted.

The measured non-linearity was less than 1.5 percent of the

input.
In summary, the measurement procedure was to establish a a value
by resonator aperture adjustment, obtain a mode profile at each of
the four basic color divisions by sequential monochrometer adjustment,
and then measure the profile width between l/e
recorder output.

2

points from the

The beam divergence at a specific wavelength and

aperture setting was the product of the profile width and the calibration constant relating recorder and translation stage movement.
At each aperture setting, the diffraction grating was positioned and
aligned in the beam, and its first order power spectrum measured.
This measurement provided the spectral output power of the laser.

4.

Measurement Results
The major data output using the experimental procedure described

in the last section is the laser beam intensity profile plotted by
the XY recorder.

The plot width is defined as the distance (in graph
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divisions) between the optical axis and the amplitude point that is
1/e

2

of the outermost maximum.

The product of the plot width and the

calibration constant is the divergence of the emission being measured.
(The constant, recall, relates the translation stage movement to the
recorder X-axis movement, includes the beam travel distance, resulting in divergence.)

In the profiles shown in figures to follow

below, the Y-axis of the figure (vertical) represents the beam intensity in arbitrary units.

The data taken from the Y-axis requires

only a dimension normalized to the profile maximum.

The X-axis

(horizontal) in the figures is the radial distance in the beam cross
section, and is in units of graph "divisions."

The number of clivi-

sions in the defined profile width are proportional to the beam
divergence.

As the mode shapes are given in the following figures,

the correspondingly derived divergence and measured output power are
given in tables.

Comparison of power and divergence at each of the

four basic color channels can then readily be made as a function of
aperture setting.
Typical output power distributions of the krypton laser under
investigation are given in Table III.

The table gives the output

power of each of the red (R), yellow (Y), green (G), and blue (B)
color divisions (PR, Py, PG, PB) in milliwatts.

The channels (divi-

sions) are composed of the same wavelength groupings previously
given in Section III.A.2.

This division is according to the basic

colors, and also corresponds to the basic distribution of power
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PR

Py

PG

Ps

PT

(mW)

(mW)

(mW)

(mW)

(mW)

1.00

434

150

274

148

1006

0.82

355

135

249

137

876

0.72

310

138

236

140

824

0.56

232

147

232

135

746

0.49

202

159

234

137

732

0.34

139

166

238*

137

680

0.28

108

185

274*

137

704

0.12

45

235

354*

137

771

a

~

(A) Resonator Configuration ( 1)

PR

Py

PG

Ps

PT

(mW)

(mW)

(mW)

(mW)

(mW)

1.00

566

183

346

182

1277

0.84

467

161

325

168

1121

0.69

392

171

295

166

1024

0.54

310

154

245

137

846

0.48

265

140

226

127

758

0.36

210

135

209

115

669

0.24

127

135

206*

101

569

0.08

36

159

260*

99

554

a
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(B) Resonator Configuration (2)
• Both 0.5208 micron and 0.5309 micron lines oscillating

TABLE ill
TYPICAL OUTPUT POWER DISTRIBUTIONS
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among the oscillating lines.
given.

The total output power (PT) is also

The previously defined parameter a is used to denote the

aperture setting.

Table III gives the power distribution for both

resonator configurations.

Configuration (2) allows oscillation in

higher order modes, and the larger mode volume results in overall
higher output power (a 13% increase in total power).

The output

power of the laser at a specific time is a function of a number of
variables including the gas pressure (which changes with time), the
temperature of the laser, the cleanliness of the optics, and the particular set of (identically specified) mirrors used.

Both total out-

put power and power distribution can change drastically as a function
of these variables.

For this reason, comparison of output power with

beam divergence was made with the power normalized to the open aperture power.

In this way, the day-to-day fluctuations in power did

not affect parameter comparisons.
An example of the mode control possible with the resonator aperture is given in Figures 7 and 8.

Figure 7 is the mode profile of

the output beam for each of the four colors, single line at a time,
and aperture full open (the prism was used to obtain single line
oscillation).

The red channel is in the TEM
mode (Gaussian in
00

shape) and the others are in what appears to be a combination of
TEM
and TEM l* transverse modes. The divergence is not only a func00
0
tion of wavelength, but is also a function of the mode of the particular transition.

Figure 8 is a set of profiles like those of the
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MODE PROFILE- RESONATOR CONFIGURATION {3), OPEN APERTURE
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preceding figure, except the resonator aperture has been reduced to
increase the diffraction losses so as to allow the blue channel to
oscillate only in the TEM
mode.
00

(This was achieved by visual

observation of the expanded beam, projected onto a screen.)

All of

the longer wavelengths are thus in the same transverse mode.

The

resultant divergences decrease monotonically with wavelength as would
be expected with a single transverse mode and a wavelength variation.
The power sacrifice that must be made to obtain all line TEM
tion is also very evident.

00

opera-

The aperture reduction resulted in a much

greater percentage power loss per unit of divergence decrease in the
longer wavelengths than in the shorter wavelengths.
It is of interest at this point to compare the measured divergence with that predicted by the passive resonator calculation.

The

previous discussion of laser characteristics pointed out that the
concave 5 meter radius exit mirror acts as a lens, causing an approximate 15% increase in beam divergence above that predicted by resonator theory.

If one considers the red line as an example, with the

aperture reduced to restrict all lines to TEM
measured divergence was 0.38 milliradian.

00

oscillation, the

Taking the lensing effect

into account, the divergence (without lensing) would be 0.34 milliradian.

This is seven percent larger than the passive resonator

divergence calculation of Section III.A.2.
and Halstead 2 reported that the TEM

00

Measurements by Freiberg

mode diverges 1.1 times the

rate of a true Gaussian beam of the same l/e

2

diameter.

Our
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measurement, within normal experimental error, confirmed this.
The results of the measurements described in the last section
are summarized in Tables IV and V, and were obtained from resonator
configurations (1) and (2) respectively.

Table IV is a compilation

of the power and divergence measurements made from the mode profiles
shown in Figures 9 through 12.

The table gives the divergence for

each wavelength (simultaneous emission) and the corresponding
normalized output power for each wavelength, as a function of
aperture size.

The aperture size is represented by the parameter a.

The power at each wavelength (including total power, PT) is
normalized to that obtained with an open aperture (a= 1.00).

The

profile numbers in Figures 9 through 12 relate the given profile in
the figures to the a values in the table.

The modes permitted to

oscillate with resonator configuration (1) are limited to TEMOl*
combined with TEM , as can be seen by the profile shapes.
00

The

modes possible with resonator configuration (2) are given in Table V
and Figures 13 through 16.

The same definitions and conventions

apply as for the previous table and figures.

In the second set of

profiles the higher order (TEM ) mode is evident, and Table V lists
10
the correspondingly increased divergence as a function of aperture
size.

Both sets of data will be discussed in greater detail in the

following section.
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Profile
Number

Pr

PR

Py

PG

Pg

a

~R(mrad)

~y(mrad)

1

1.00

1.00

1.00

1.00

1.00

1.00

0.58

0.68

. 0.65

0.62

2

0.85

0.81

0.94

0.90 0.86 0.87

0.54

0.65

0.63

0.60

3

0.74

0.65

0.92

0.80 0.82 0.70

0.51

0.53

0.59

0.56

4

0.72

0.58

1.03

0.80 0.84

0.62

0.50

0.49

0.55

0.55

5

0.61

0.40

1.11

0.72

0.78 0.43

0.47

0.41

0.41

0.49

6

0.55

0.27

1.18

0.72

0.78 0.29

0.45

0.35

0.40

0.46

7

0.53 0.13

1.35

0.88

0.76 0.16

0.44

0.40

0.39

0.44

8

0.57

0.07

1.52

1.10

0.78 0.08

0.45

0.40

0.36

~G(mrad)

~g(mrad)
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Profile
Numbe r

PT

PR

Py

PG

Ps

1
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1.00

1.00

1.00

1.00 1.00

0.80

0.89

0.90

0.87

2

0 .89 0.86

0.92 0.90

0.98 0 .85

0.74

0.85

0.84

0.84

3

0.7 3 0.68

0.85 0.74

0.80 0.70

0.66

0.78

0.81

0 .79

4

0.62

0.54

0.83 0.65

0.66 0.56

0.59

0.73

0.72

0 .74

5

0.55 0.45

0 .75 0.60

0.63 0.47

0.58
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0.68

0 .69

6

0.47

0.34

0.71

0.54

0.56 0.35

0.54

0.64

0.65

0 .62

7

0.42

0.26

0.7 1 0.50

0.56 0.27

0.52

0.58

0.56

0.61

8

0.35

0.08

0.83 0.57

0.51

0.10

0.53

0.47

0.48

0.55

a

,BR(mrad)

,By(mrad) ,BG(mrad) .Bs (mrad)
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In some of the mode profiles there is an asymmetry that was of
concern during the measurement procedure.

Figure 12A is an example

of the asymmetry of the intensity peaks either side of the center
minimum.

We considered the possibility that the asymmetry could be

an indication of measurement error.

Care was taken to ensure that

the scan direction was perpendicular to the beam axis.

In fact,

scans purposely made at a non-perpendicular angle to the axis did
not produce a significant effect until the angle became extreme.
asymmetry in the beam was found to be real, however.

The

The centers of

mode patterns of different colors appeared displaced from one
another when the beam was projected onto a screen, especially with
configuration (1).

When the projected beam pattern was viewed

through bandpass filters tuned to the appropriate wavelength, the
separate colors could be seen, and the asymmetry in specific colors
(especially the green and blue channels) was even more pronounced.
It was thought that the asymmetry could in part be caused by transverse mode competition between transitions.

To obtain some of the

higher order modes, single wavelength at a time in order to evaluate
the competition, a 3 meter radius mirror was used with the prism
assembly.

The resulting TEM
mode showed asymmetry at several
10

wavelengths, both visually and in the recorder produced profile.
In addition, we hypothesized that the mode profile symmetry axis
may not be perpendicular to the scan direction.

That is, at small
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aperture diameters, the mode may be Hermite-Gaussian, expressible
in rectangular coordinates instead of cylindrical coordinates.

If

the mode were TEM
Hermite (caused by misalignment) as it appeared
10
at times, then a rotation of the pattern combined with a scan that
did not pass through the pattern center could cause an asymmetry.
To test this, a dove prism was inserted into the beam before it was
lens expanded (in the rotating mirror arrangement).
rotated, thereby rotating the mode pattern.

The prism was

A number of profiles

were made, and care was taken to ensure that the scan was through
the pattern center.

In all cases the asymmetry that had been measured

previously, was confirmed.
One possible source of the asymmetry is radiation reflected back
into the resonator from the output beam.

There is, in this laser, a

beam splitter in the output beam, built integrally into the resonator
structure.

It is intended to be used to sample the power output.

The main secondary image from the beam splitter can be seen in the
far field pattern, and there may also be other images in the beam.
Reflections such as this (or from optics completely outside the
laser) can couple to the resonator and even affect the power output.
Asymmetry solely caused by mirror misalignment cannot account for
the effects described, for very careful "walk-in" alignment was
made, and single wavelength asymmetry was still observed.

It is

possible that the resonator aperture was not coaxial with the mode,
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but this is to be discounted since the asymmetry is not present in
all wavelengths.

It is also feasible that the resonator bore was not

completely straight, or that a stress has curved it slightly.
can cause a mode asymmetry.

This

The conclusion was that the asymmetry

is real, but does not greatly affect the mode pattern.

The beam

divergence, as we have defined it, is derived directly from the
profile width measured from the optical axis.
measured full-width, from l/e
on the other.

2

This width was always

point on one side, to the same point

The "width" as it is defined for divergence measure-

ment is half the full-width.

Thus any measured asymmetry is

included and averaged in the reported divergence.

The variation in

divergence caused by any of the observed asymmetries was always less
than five percent (as determined by measuring profile width on each
side of the optical axis, and comparing).
5.

Discussion of Results
The motivation for the measurement of output power and

divergence as a function of mode number was to optimize the power divergence combination.

Because the truly optimal parameter choice

would consider the requirements and purpose of the system in which
the laser illuminator was used, it is best at this point to present
the laser characteristics in such a way that an optimal parameter
choice can be made for a specific system.

1'3

Figures 17A and 17B are graphic presentations of the data
previously given in Table IV and Figures 9 through 12 (resonator
configuration (1)).

Several phenomena are illustrated here which

are predictable and characteristic of the krypton laser.

First of

all, as the aperture was decreased, the power in the red channel
decreased monotonically, and after the yellow channel was in TEM
00
(from TEMOl*), the yellow power increased monotonically (although
not linearly).

(It should be noted here also, that the red channel

power was composed mainly of the 0.6471 micron line, but there was
a small contribution from the 0.6764 micron line.

Therefore the

red power versus cr plot is not a straight line at 45°.)

Note 1 is

the point at which the yellow channel first changed to TEM .
00

There

was a reasonably long linear decrease in divergence with aperture
reduction at this point, for both the yellow and the red channels.
The power behavior shown was caused by transition competition between
the 0.6471 micron and 0.5682 micron lines.

As the power in the red

channel was decreased by increased diffraction loss, the yellow
channel increased in power.
A good example of divergence decrease with mode change to
fundamental mode is given by the green line at Note 2.

There was an

abrupt decrease in divergence, directly traceable to the mode change
as illustrated by Figures llA and llB.

The profile shape with open

aperture was TEMOl* with a TEM
contribution.
00

As the aperture was
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reduced, the ratio of outer intensity peak magnitudes to axial
intensity magnitude (at the minimum) decreases, becoming nearly
unity just prior to the mode change.

(One must keep in mind that in

describing any of these modes, the description, e.g., TEMOl*'
represents a mode profile that may be a complex combination of several
transverse modes.)

The change from one mode to another was charac-

teristically very smooth, but the divergence decrease upon change to
TEM , shown in Figure 17B, is very significant.
00

Note 3 is the

point at which the blue channel starts to change to fundamental mode,
and the characteristic decrease in divergence is evident.

There were

no major, abrupt power changes in the blue or green channels until
the red channel was apertured near the point of extinction.

Note 4

denotes the near-extinction point, at which the 0.5309 micron line
is able to oscillate simultaneously with the 0.5208 micron line,
increasing the green channel power abruptly.

(It is also at this

aperture size that the yellow channel has its greatest rate of
increase.)

The 0.5309 micron line is normally prevented from

oscillating by upper energy level competition with the 0.6471 micron
line.

The 0.5682 micron line oscillates, but shares a lower energy

level and thus also competes with the 0.6471 micron line.
The divergence and power measurements for resonator configuration (2) are shown plotted in Figures 18A and 18B.
profiles are in Figures 13 through 16.

The corresponding

The major difference in the

83

1.ce

0
0

0.9 f-

Qi
~

0

0.8

f-

0.7

f-

0

0
0

cu

N

0

0

0

0.6 -

0

Q..

'"C

0

0.5

-

0

(0

E 0.4
"""
0
z
0.3

f-

0

f-

0
0.2

1--

Legend:

0.1
0

0

0

....._

0.6471/1
0.5682/1

0
I

I

I

I

I

I

I

I

I

0
0.8
'"C
(0

"""
E
cu

u

c

cu

0
0.7

C"l

0

cu
"""
>

0

i5

0.6

0

0

Note 5

0
0

0

0

0.5

0
0.4
1.0

0.9

0.8

0.7

0.6

0.5
a

0.4

0.3

0.2

FIGURE 18A
OUTPUT POWER AND DIVERGENCE COMPARISONRESONATOR CONFIGURATION (2)

0.1

0

GP73 -0258 -32

84

1.0

~

0.9

1-

0.8

~

0.7

1-

~
0

0.6

1-

(l)

0.5

1-

0 0.4
z

1-

0.3

1--

0.2

1-

0.1

~

0

0
0
0

'-

8

(l)

0..
"0
N

8

~

E

0

Legend:

0
0

0
0

0.5208/1
0.4762/1

I

I

Note 9

0
0

I

I

I

I

I

I

I

0.9

0

0

0.8

0
0

~

-c
ro

'-

E

0.7

Note 7

Q)

u

0

c

0

(l)

c:n

'-

(l)

>

i5

0

0.6

~
Note 8

0.5

0.4

0

1.0

0.9

0.8

0.7

0.6

0.5
a

0.4

0.3

0.2

FIGURE 188
OUTPUT POWER AND DIVERGENCE COMPARISONRESONATOR CONFIGURATION (2)

0.1

0

GP7 3 -0258 -33

85

data here and that given in Figure 17 is that the former included
higher order modes, and the divergence was greater.
point was confirmed by the data.

This latter

In Figure 18A, Note 5 denotes the

aperture size at which the red channel first went toTEM
The red channel was TEM
for open aperture (cr
00

=

00

(cr

=

0.56).

1.00) with resonator

configuration (1).
The yellow channel, as shown in Figure 14A, was in the
mode when the aperture was fully open.

TE~O

The most noticeable feature

of the profile is the height of the off-axis maxima compared with
the central peak.

The passive cavity mode analysis discussed in

Section II predicted an off-axis magnitude peak that was 20% of the
central peak.

Fox and Li

4

concluded from their analysis - in which

the saturable active medium was considered to be concentrated in a
thin sheet at the laser mirror - that the radial intensity distribution of higher order transverse modes was essentially unaffected by
the saturable gain property of the medium.

Their analysis was for

small values of gain, however, and not for the gains typical of ion
lasers such as krypton or argon (e.g., 3 dB/m).
Freiberg and Halstead

2

Later work by

in measurement of transverse mode profiles

of an argon laser reported marked distortion of the intensity
distribution when compared to the passive cavity modes.

They

measured off-axis peak magnitudes equal to that of the central peak,
and showed profiles very similar in shape to those in Figure 14A.
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As the aperture was decreased in size, the off-axis peaks slightly
exceeded the central peak, and the mode then changed to TEM
.
01*

The

ratio of off-axis peak to central minimum increased to a maximum, and
then decreased as the mode changed to TEM .
00

Note 6 in Figure 18A

shows the TEMOl* region for the yellow channel.

The rate of

divergence decrease with aperture decrease, increased as the mode
changed to the fundamental.

It should also be noted, in Figure 14,

that the profile changes with aperture were very smooth.

That is,

the transition from one mode to another was not found to be abrupt
in any way.

The fact that the TEMOl* height ratio maximizes, was

used to obtain a reproducible mode setting with the aperture.

The

setting was reproducible within a few percent (as measured by the
height ratio) and the relative mode patterns (for a particular set
of mirrors) at all wavelengths were extremely consistent.

Aperture

settings at a-values between the data point values given in the
preceding figures yielded mode patterns and height ratios consistent
with those shown.

This demonstrates the practicability of using the

a-value to indicate aperture setting.

As a final note of discussion

on the yellow channel behavior, it is interesting to see that the
power of the yellow channel increased due to transition competition
only at very small aperture sizes.

This is because the red channel

only neared extinction at that point, due to its initial mode number
being higher than in the configuration (1) case.
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The behavior of the green and blue channels, resonator configuration (2), is shown in Figure 18B.

Because the transition wavelengths

were shorter, the modes were higher order in these channels than in
the previous two.

Note 7 shows the point at which the mode changed

from TEM
to TEM *.
10
01

There is a reasonably good linear fit to the

data before and after this point, - Note 7 - illustrating the change
in rate of divergence decrease.

The divergence dropped markedly when

each channel changed to TEM , at Note 8.
00

There were no surprises in

the curve showing power versus aperture size (still Figure 18B).
The power decreased monotonically until the aperture size was very
small, Note 9, where transition competition effects came into play.
The 0.5309 micron line was oscillating at Note 9.
Because the resonator aperture was the method chosen for transverse mode control, it is of interest to note in what way the
aperture affects the TEM
intensity distribution.
00

Obviously the

distribution is altered by mode change, but once a transition is
reduced to TEM , the effect is more subtle.
00

The data above shows

that the divergence continues to decrease, but the question was
posed as to what effect the aperture had on the theoretically
derived Gaussian shape of the intensity profile.
we consider the Gaussian intensity distribution:

To determine this,
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(15 )

where I

0

is the peak intensity, x the radial dimension, and a

half-width at the l/e

2

intensity point.
I

x2

I

a2

2n- -· -2

0

the

Then,

(16)

0

0

and
I

0
£n£n - = .£.n 2

-

I

( 2 2n~

0

) + 22nx

(17)

The Gaussian distribution should plot as a straight line, with slope
equal to two, when ln ln versus ln ln coordinate paper is used.

The

data for the red channel, configuration (1), was plotted in this way
for all values of aperture setting.

The data was compared to the

theoretical slope-two line through the 1/e
the profile.

2

- intensity point of

The results showed that the best fit was at a a of

approximately 0.6.
aperture sizes.

Figure 19 illustrates typical profiles for two

With the aperture open, the resulting profile is

2 .
.
.
.
(wh ere t h e
wider t han the Gauss1an
a b ove t h e 1/ e 1ntens1ty
po1nt
curves mee t, by definition).

The optimal fit, at a= 0.6, is a
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good match, and the slight "cutting of the wings" of the Gaussian can
in part be explained by the aperture and by the radial distribution
of gain in the medium.
sizes.

This effect is also noted at smaller aperture

The effect of the aperture on the profile shape is germane

to the subject of investigation only in that it helps to understand
why the measured divergence is somewhat greater than that expected
by passive cavity analysis.

The fact that the measured distribution

falls off more rapidly than the theoretical Gaussian, near the edge,
makes the mode resemble a Gaussian of slightly smaller diameter, and
thus have slightly greater divergence.
To illustrate the visual effect of multiline emission in
seve~al

transverse modes, pictures of some of the typical mode

patterns are shown in Figure 20.

The pictures were obtained by

expanding the beam with a short-focal-length lens, projecting it
ont.o a rear view projection screen and photographing the image from
the opposite side of the screen.

By placing bandpass (interference)

filters in the projected beam, the four color divisions composing
the multi-wavelength pattern can be seen.

Figure 20 shows the mode

pattern for resonator configuration (2), with a fully open aperture.
The profiles in Figures 13 through 16 can be compared with patterns
in Figures 20 and 21, the latter being the mode patterns for a a of
0.8.

The change in mode order is evident.

The patterns for other

values of a and resonator configuration (1) also conformed to the
mode profiles measured and presented earlier.
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(a) All Wavelengths Simultaneously

(b) Red Channel

(c) Yellow Channel

(d) Green Channel

(e) Blue Channel

FIGURE 20
MULTIWAVELENGTH MODE PATTERNS- OPEN APERTURE
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(a) All Wavelengths Simultaneously

(b) Red Channel

(c) Yellow Channel

(d) Green Channel

(e) Blue Channel

FIGURE 21
MUL TIWAVELENGTH MODE PATTERNS- APERTURE a= 0.8
GP73-0258-36
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B.

Low Frequency Noise Measurement

1.

Introduction
As has been discussed earlier, there are a number of different

noise sources in a laser, including plasma noise, power supply noise,
and longitudinal mode interaction noise.

The noise source that is

of interest here is solely that attributable to operation of the
krypton laser as a multiple-wavelength source and in higher order
transverse modes controlled by an internal aperture.

To be more

specific, the question is posed, whether or not aperture mode control
could create marginally stable transverse modes (at one or more
wavelengths) which would manifest themselves as low frequency
fluctuations of the output intensity.

The probability of such an

occurrence is higher with a krypton laser than, say, with an argon
laser because the former has much wider wavelength separation,
allowing different transitions to oscillate in completely different
off-axis modes (or a combination of several such modes).

The

existence of unstable longitudinal modes and mode positions under
the Doppler curve, and the resultant suppression and then emergence
of off-axis modes, could not only cause intensity fluctuations on a
given transition, 3 but the fluctuation at one wavelength could cause
another fluctuation at an otherwise stable wavelength by transition
competition.

It is, in fact, the fluctuation caused by the trans-

verse mode suppression and the resultant dominance effects that are
of major interest in the measurement to be described.

The use of
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the laser as a multispectral illumination source ordinarily requires
spectral distribution stability as well as total power stability.
The fluctuations caused by level competition are less desirable than
a random intensity change because the former can be out of phase
(180°) with its source fluctuation.

The relative spectral distribu-

tion change is then "twice as bad".

The causative longitudinal mode

interactions in ion lasers have been shown to be low frequency,

15

with the time constants a few tenths of a second to a minute or more.
The equipment to be described below is based on measurement in this
frequency region.
To illustrate that operation of the krypton laser in the
simultaneous, multi-wavelength manner does affect noise other than
the low frequency type described above, a brief examination will be
made of the total noise on the output beam.

It becomes rapidly

apparent that a thorough experimental study of noise in a multiwavelength krypton laser is beyond the scope of this paper, and is
actually not necessary for the present laser evaluation.
2.

Measurement Method
The basic purpose of the apparatus shown in Figure 22 is to

spatially separate the simultaneously oscillating transitions, detect
the beam intensity of each basic color, and measure the intensity
fluctuation as a percentage of the power in each channel.

The

fluctuation in each channel was also recorded to determine the
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fluctuation phase relations among the channels.

The measurements

were made as a function of resonator geometry and resonator aperture
size.
The output of the krypton laser was divided into the four
customary color channels with a diffraction grating as shown in
Figure 22.

The beam was directed to the grating from an optical

flat beam splitter, which also served to attenuate the beam power.
The spectrum from the grating was incident on four photomultiplie r
tubes (PMT's).

The tubes were light isolated from each other (to

avoid stray reflections) by opaque shields, visible in the picture
of Figure 23.

Further input isolation was provided by bandpass

filters tuned to the krypton wavelengths, and positioned in front of
the PMT's.

The input apertures of the PMT's were filled with a

diffuse, translucent material to intensity average any movement of
the beam (on the photocathode) caused by the beam lever arm
(approximately three feet) from the grating.
Photomultiplier tubes were used for detectors, mainly because of
availability.

The four PM tubes were all RCA Type 931A, with identi-

cal voltage divider arrangements.

The major consideration in

operation of the PMT's was control of the tube generated and amplified noise.

The noise sources in the PM tube include shot noise,

thermionic noise, spurious gas ionization, and light feedback from the
dynodes to the photocathode.

It can be shown that a maximum laser

signal to detector (shot) noise is obtained with maximum detector
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current.

31

The PMT cathode current is maximized by an increase in

photocathode quantum efficiency or an increase in incident light
intensity.
cation.

The latter was, of course, easy to supply in this appli-

It was necessary to reduce the gain of the PMT (by reducing

the cathode voltage) to maintain tube linearity and avoid saturation
with the large input signal.

The Type 931A PMT can be operated at a

cathode potential as low as 300 volts, without degradation.

At

voltages much lower than this, some nonlinearity and signal fluctuation occur, caused by electron skipping at the dynodes.
recommended anode current is 0.10 rnA.

The nominal

This then dictated a dynode

voltage divider string such as that shown in Figure 24, with resistors
R

c

and R

1

through R equal to 30 kilohms.
9

This kept the ratio of

voltage divider current to anode current approximately ten to one,
maintaining linearity.

Linearity tests were made on each PMT in the

same manner as that described in Section IliA, and operation
restricted to the linear region.

It is of interest to note the

difference in signal to noise (S/N) ratio when the tube was operated
near maximum anode current, at two different voltages.

The S/N was

defined as the ratio of the PMT direct current (DC) voltage output
to the PMT root-mean-square (rms) voltage output.

The rms output was

measured with a Ballantine meter having a 3 dB bandwidth of 2 Hz to
7 MHz, and a 10 megohm input impedance.
Ballantine DC voltmeter was the same.

The input impedance of the
An incandescent light powered
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by battery was used as the PMT input (as a black body source).

The

S/N for a Type 931A PMT operated at 1200 volts (with an appropriate
dynode voltage divider circuit) and near maximum anode current was
on the order of ten to fifteen.

The same tube, when operated at 300

volts as in Figure 24, had a S/N of 6 x 10 3 and the three other
PMT's when later checked, showed no appreciable noise difference.
The data discussed below was obtained using the latter PMT arrangement providing maximum anode current.
To measure the fluctuation in the PMT output, indicative of the
laser intensity fluctuation, it was necessary to suppress the large
DC voltage bias in the output and record only the fluctuating waveform.

The DC suppression capability of the Sanborn recorder that

was used was not sufficient to bias the approximately 5 volts of PMT
output while providing sufficient sensitivity to display output
fluctuations of a few percent.

Figure 24 shows the external bias

arrangement used with each PM tube.
was the parallel combination of

~

The load impedance for each PMT
and the combination of R , R
10
11

and R
(input impedance of the DC power supply was small), approxi12
mately 38 kilohms. The potentiometer permitted small adjustments in
the recorder input (the voltage across the PMT load impedance) after
the major bias was set by the power supply output.

The resistors

R
and R
prevented the load impedance from varying greatly
10
12
(affecting frequency response) as R11 was adjusted. Separate DC
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power supplies were used for each channel, both in supplying power
for the bias arrangement, and for the PMT high voltage.

This pre-

vented any interaction among channels as input light levels shifted.
The potential across each PMT load impedance was (appropriately
biased) input to the Sanborn chart recorder.

The recorder had an

input impedance equal to five megohms, and a 3 dB bandwidth of
approximately 100 Hz.

The recorder had its own internal voltage

calibration standard and adjustment, and chart speeds to 100 mm/ se c.
The PMT output was also monitored by the Ballantine DC and RMS meters
previously described, and these were used to measure the beam S/N as
the modes were changed.
Two basic types of beam stability were measured.

The first type

included intensity level changes that occurred over time intervals
ranging from approximately one-tenth second to several seconds.

The

Sanborn recorder was used to measure these fluctuations in all four
channels simultaneously.

The recorder traces also permitted the

phase relations among channels to be noted.

In this way, the effect

of energy level competition could be confirmed and the magnitude and
frequency of the effect measured.

The recorder chart speeds used

were 5 mm/sec and 100 mm/sec, in most cases.

A second type of

measurement was made to determine intensity changes over periods of
several minutes.

There was some drift in the PMT output (several

percent) when the input to the PMT was a regulated light source.
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The drift was attributed to potential fluctuation between the cathode
and the first dynode.

Installation of an avalanche diode at this

point to maintain the potential constant, independent of current,
seemed to reduce but not eliminate the drift.

Therefore, the laser

beam was chopped with a mechanical (wheel) chopper and the rrns value
of the square-wave PMT output measured with the Ballantine rms meter
for a given time interval (five minutes).

'

The PMT drift with a

chopped (AC) input was measured using an incandescent light source,
and was negligible.
It has been previously pointed out that the intensity fluctuations of major interest were those caused by longitudinal mode
interaction, transverse mode suppression, and the resultant transition competition effects.

The looked for intensity fluctuations were,

according to related measurements reported in the literature, of low
frequency.

As a sidelight and to confirm that no significant higher

frequency components were involved, a low frequency spectrum analyzer
(Tektronix MOdel 115) was used to examine the (fluctuation) frequency
spectrum of each channel as the modes were changed.

A detailed

parametric frequency analysis was not made, but a search between
50 Hz and 200 KHz (the region of interest) indicated no periodic
fluctuations (at 30 amperes laser discharge current; see Section IV)
and no random spectra other than the normal noise spectra.
In summary, the measurement procedure was to align the laser for
maximum output power, and simultaneously measure the biased PMT
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output of each of the four channels.

The output was measured with

the recorder at two speeds, for several minutes.

The laser alignment

was checked, the aperture reduced, and the measurement process
repeated.

In this way a search was made for values of a that would

create marginally stable off-axis modes, leading to output
ity.

instabil~

A longer duration measurement was later made as a function of

aperture using the chopped beam, over a five minute period.
3.

Measurement Results and Discussion
The first measurement results to be discussed are those relating

the low frequency fluctuations to resonator aperture size.

The data

acquisition consisted of making incremental changes in the aperture
(changes in a) and measuring the intensity stability of each channel,
simultaneously, with the output displayed on the chart recorder.

The

a-values for each of several data runs were purposely chosen to be
different from each other, to check consistency of results and to
obtain a maximum number of comparative measurements.

Measurements

were made using both mirror configurations (1) and (2).

Because the

majority of the data changed little as a function of aperture, the
figures that are presented and discussed below represent only the
major effects.
Figure 25 illustrates the type of random noise measured on the
laser beam.

The open aperture (a

= 1.00)

output is shown for multi-

line (configuration (1)) and single line (configuration (3))
emission.

The yellow channel was noticeably less noisy in the
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latter, and it will be shown that this is typical.

The red line

also seems to have had fewer low frequency fluctuations.

It is not

feasible to normalize the DC bias in these illustrations, so in this
figure and in those to follow, the DC voltage output (before DC
biasing) of the PMT is given at the start of the trace.
in Figure 25 show no significant fluctuations;

The traces

the intensity change

over a period of several seconds was probably due to detector drift
and was not part of the measurement.

As the aperture size was reduced in the multiline, configuration
(1) case, no significant change in the output stability occurred
until the aperture reached a a of 0.6.
output at two different chart speeds.

Figure 26 illustrates the
The change from the behavior

typical of Figure 25 to that of Figure 26 was abrupt, and the
aperture position and alignment were critical.

The most important

point about the instability shown (in addition to its obviously
increased magnitude) is that the fluctuations were no longer uncorrelated and random.

First, the faster chart speed illustration

shows that as the red and blue channels decreased in intensity,
the yellow channel increased, and the green channel was unaffected.
The red channel fluctuation was approximately 3%, the yellow 1.8%,
and the blue 1.2% of each channel's intensity.

The green channel

had a small increase in random fluctuation, but nothing significant.
The fluctuation shown was low frequency, with a duration on the
orde r of 0.25 second and reached its peak in approximately 0.09
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seconds.

The major fluctuations, as in the red and yellow channels,

were almost cyclic, with a period which varied between 0.15 and 0.20
seconds.
The fluctuations in Figure 26 also serve to point out that
transition competition effects cannot by themselves completely
explain the existence (or lack of existence) or phases of simultaneous
instabilities.

The fact that the three unstable channels are well

correlated does imply a consistent causative mechanism.

The red and

yellow channels being out of phase can be explained by their sharing
a lower energy level and thus competing.

The blue channel being out

of phase with the yellow can only be explained by transition
competition if there was a 0.4765 micron line contribution to the blue
channel output.

This line competes with the 0.5682 micron line

through a shared upper level.

Instrumentation was not available,

however, to determine if both the 0.4765 and the 0.4762 micron lines
were oscillating; the laser manufacturer calls the output 0.4765
micron.

Fluctuation in the 0.5208 micron line is obvious, however,

by its absence.

This line does not share a level with those

oscillating (except the possible 0.4765 micron line), but we have
seen that Ferrario 23 reported a normal competition between the
0.5208 and the 0.6471 micron lines and anomalous competition between
the 0.5208 and 0.5682 micron lines.

The only explanation at this

point is to recall Staz and his report that the anomalous - type
effects can be ambiguous because they are functions of modulation
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amplitudes (i.e., percent fluctuation) and discharge current, even as
.
.
24
t o ph ase d e t erm1nat1on.

The only other major instability encountered in resonator
configuration (1) is illustrated in Figure 27.

This is typical of

the large transient, non-periodic fluctuations measured at a values
of 0.48 and 0.22.

The transients were not consistently repeatable,

but were observed and measured a number of times.

The phase rela-

tions, red power increase with power decrease in the other channels,
is consistent with this type of instability.

The dynamic range and

possibly the frequency response of the recorder may have limited the
response magnitude, but the figure indicates an intensity fluctuation
of 3% in the red, 6% in the yellow, and 3% in the green and blue
channels.

We were unable to record the pulse at the higher chart

speed, but from the figure, the pulse duration is approximately one
half second.

Intensity measurements were made to a a value of 0.08,

with no other significantly unstable regions observed.
The recorder traces with resonator configuration (2), open
aperture, look very much like those shown in Figure 25A.

The only

exception is that there were relatively long term intensity shifts
of approximately 1.5%.

The shift duration was 30-40 seconds, with

the red channel power being out of phase with that of the yellow and
green channels.

The blue channel was stable.

The power in each

channel varied sinusoidally at this rate, so that there was no
significant total power shift.
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Figure 28 is typical for resonator configuration (2) as the
aperture was reduced to a a value of 0.79.

The dominant intensity

fluctuation was the competition between the red and yellow channels.
The fluctuation was approximately 1% and 1.5% for the two channels,
respectively.
5 seconds.

The duration of the major fluctuation was approximately

The original recording showed a small (one half percent

or less) but definite fluctuation of the green channel in phase with
the yellow channel.

This could be accounted for by anomalous

competition of the green channel with the yellow channel.
Perhaps the most unusual instability waveform that was observed
is that shown in Figure 29.

Figure 29A shows the periodicity of the

fluctuations, and Figure 29B is a more detailed illustration of one
pulse.

According to transition competition behavior, the green

channel should fluctuate in phase with the yellow, which was competing
with the red channel.

However, there was a definite tendency for the

green intensity to first decrease (with red) and then increase.
Other recordings also showed a tendency for the blue channel to do
the same.

There was no noticeable time delay among the fluctuations,

so delay cannot be hypothesized to account for the behavior.

The

magnitude of the 0.25 second duration pulse was 2.4%, 1.4%, 2% and
1.6% for the red, yellow, green and blue channels, respectively.
period between pulses was an extremely consistent 2.3 seconds.

The
Note

that there was a longer duration (approximately 12 seconds) competition between the red and yellow channels superposed upon the

111

I
c

0

:~
>

i5
( .)
Q)
Ill

Q)

E

t=

B

G

y

R

Intensity (25 mV/Division)-

FIGURE 28
INTENSITY FLUCTUATION --a= 0.79

GP73 0258 -43

112

y
Intensity (25 mV /Division)-

(A) Chart Speed, 5mm/sec ·

c:::
0

:~
-~

0

u

QJ
Ill

B

y
Intensity (25mV/Division)-

(8) Chart Speed, 1OOmm/sec

FIGURE 29
INTENSITY FLUCTUATION- a= 0.64

GPJJ-0258 -4 4

113

cyclic pulses.

Its magnitude was about 1% in the red channel and

1.7% in the yellow.
There were a number of instabilities similar to those that have
been shown, as the aperture was further reduced from a a of 0.6 to
0.3.

The majority of the fluctuations were 1.5% to 3% of the

channel intensity and had a duration on the order of 8 to 16 seconds.
In addition, a very common fluctuation in this aperture range was a
one second duration pulse, approximately 1.5% in magnitude with the
same phase relations as the large pulses of Figure 27.

It was only

when the aperture was reduced to a a-value below 0.30 that the
fluctuations became very consistent and large in magnitude.

Figure

30 illustrates the laser output instability for a a-value of 0.27.
At this aperture setting, the second green line at 0.5309 micron was
barely not oscillating; any further suppression of the 0.6471 micron
line would have permitted it to do so.

The large fluctuations in

the red, yellow and green channels had magnitudes of 6.1%, 2.6% and
0.8%, respectively.

The phase relations of the instabilities are of

interest because they illustrate a lack of consistency when compared
with fluctuations of other a-values.

In the slow (approximately 16

second duration) fluctuation, the red and green channels are in
phase, with the yellow out of phase with the other two and the blue
channel stable.

At slightly higher a-values, the green channel had

instabilities that were in phase with those in the yellow channel.
There were also more rapid fluctuations evident in the figure
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(approximately one second duration) with magnitudes of 1% and 0.5%
in the yellow and green, respectively.

These fluctuations,

surprisingly, were not seen in the red channel.
Figure 31 shows the change in fluctuation rate when the aperture
is reduced to barely allow the 0.5309 micron line to oscillate.

The

major fluctuations (1 to 1.5 second duration) in the red through
blue channels are 3.8%, 0.9%, 0.9%, and 0.5% of the individual
channel power, respectively.

The red and green channels are in

phase, and the yellow and blue channels are (generally) in phase, the
latter pair being out of phase with the other two.

The phases here

are consistent with those shown in Figure 30, with the addition of the
blue channel instability.

The 0.4765 micron blue line competes for

a lower energy level with the 0.5309 micron line.

This can explain

the blue fluctuation, and also why it does not change level every
time the green channel does.
As previously discussed, the major area of concern in this
investigation was the low frequency intensity fluctuation caused by
the various competition effects.

As an interesting sidelight, a

brief examination was made of the total noise and the long term
(5 minute) stability of the beam.

First of all, a low frequency

(Tektronix MOdel 115, 50 Hz to 990 KHz) spectrum analyzer was used
to sequentially examine the (fluctuation) spectrum of each of the
four channels as the resonator aperture was reduced.

The conclusion

was that there was no si9nificant change in the spectrum from 50 Hz
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to 200 kHz until the 0.6471 micron line was nearly suppressed.
Figure 32 illustrates the spectrum change that occurred.

Figure 32A

is the yellow channel spectrum with the aperture open, and the laser
at full power (30 amperes bore current).

The analyzer center fre-

quency was 50 kHz with a 10 kHz/em dispersion, and the s weep rate
was 0.2 sec/em (storage mode).

The vertical gain was 0.2 V/cm in

photograph (A), and the DC input was 7.4 volts.

Figure 32B is the

yellow channel spectrum with the aperture reduced to barely allow the
0.6471 micron line to oscillate.

The DC input was 3.75 volts, and

the vertical sensitivity was 0.1 V/cm.
in the two cases.

There was very little change

When the aperture was reduced slightly from this

point, the 0.6471 micron line fell below threshold and the yellow
channel spectrum abruptly fell in magnitude, as shown in Figure 32C.
(The spike at "zero" frequency was caused by the analyzer, not the
signal.)
gain.

The DC input at this point was 3.7 volts, 0.1 V/cm vertical

The spectrum in Figure 32C is comparable to the single line

spectrum shown in Figure 32D.

The latter had a DC input of 5.15 volts

at 0.5682 microns, with a vertical gain of 0.2 V/cm.

The yellow

channel , because of its intense competition with the red channel,
showed the greatest noise effect as the aperture was varied.

The

other channels showed slight effects, but to be other than qualitative, a separate study would be necessary.
It was of interest also to examine briefly the longer term
stability of each channel, as a function of aperture, and to measure
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the signal to noise ratio as defined by the quotient of the DC output
of the PMT (VDC) by the RMS output of the PMT (Vrms).

To avoid error

caused by PMT drift, the laser output was mechanically chopped at
approximately 100 Hz, and the PMT output of each channel monitored
by the Ballantine RMS Voltmeter previously described.

The system

stability was measured using a battery powered incandescent lamp
input (chopped) to the PMT's; no change in output could be measured
over a five minute period.

The PMT output was then measured before

and after a five minute period, and the difference voltage divided
by its initial value was defined as

~.

The results are summarized

in Table VI for each of the channels (resonator configuration (2)).
The positive and negative signs indicate whether the PMT output after
the five minutes was greater or less than its initial value, respectively.

Also, in the same table, the signal to noise ratio is given

as a function of aperture size.

The results confirm an earlier

conclusion that the higher frequency noise remains relatively
constant as a function of aperture.

It is also apparent that the

yellow channel is noisier than the others.

There is a general

reduction in signal to noise with aperture, but it is difficult to
correlate the reduction with mode number or specific cr value.

The

main conclusion concerning the long term stability is that there is
no general stability trend as the aperture is varied.

It is

interesting that the green channel increases in power, but no
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1.00

0.40

0.21

0.55

0.60

-1.6

-4.9

+0.2

-0.2

0.83

0.37

0.24

0.56

0.57

-1.6

- 1.9

+1.0

-2.3

0.67

0.27

0.23

0.46

0.49

0

-2.6

+0.6

- 0.9

0.60

0.25

0.23

0.41

0.47

0

-1.6

+0.3

-1.9

0.47

0.18

0.23

0.33

0.50

0

-1.3

+1.4

-0.8

0.38

0.20

0.27

0.36

0.44

-0.5

-1.3

+1.4

-0.3

• 0.22

0.10

0.26

0.28

0.37

-0.2

+0.5

+1.1

-0.9

** 0.07

0.02

0.18

0.16

0.32

-

*Both green lines oscillating
**Red channel drifted below threshold
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explanation related to the various competitions is immediately
apparent.
C.

Measurement of Discrete Frequency Modulation

1.

Introduction
It was pointed out in the literature review that one of the dis-

advantages of lasers employing the heavier gases such as krypton or
xenon is that the plasmas have a tendency to be unstable.4 2

The

instability manifests itself as a modulation of both the coherent
laser emission and the sidelight emission.

The modulation occurs at

discrete frequencies ranging from the tens to the hundreds of
kilohertz, the exact frequency being a function of a number of
variables including discharge current, gas pressure, and physical
construction of the laser bore. 32

The exact cause of the instability

and resultant modulation is not at present known, but it has been
suggested that the modulation may be caused by ion waves excited by
oscillations in the cathode throat region of the bore.3

2

The source of the discrete frequency modulation of the laser
output is - as far as is presently known - unrelated to the mode
instability cause of the intensity fluctuations previously discussed.
The measurement of such modulation is very important in terms of
the total laser evaluation, however.

To determine the applicability

of the krypton laser as a multi-wavelength illumination source, it
is necessary to know the frequency location and magnitude of any beam
modulation, regardless of cause.

It is for this reason that the
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following series of measurements were made.

The measurements were not

meant to be a parametric study of the modulations, but rather a
measure of the laser output as it would normally be controlled in an
illumination source application.

The major parameter varied was the

discharge current.
2.

Measurement Method
The purpose of the measurement to be described was to determine

the frequency and magnitude of the discrete frequency modulation,
at each of the simultaneously emitted wavelengths.

The only param-

eter affecting the modulation that would normally be a variable was
the discharge current.

The gas pressure was maintained at the value

necessary to achieve optimal output, and the solenoid current was
optimized for maximum output power.

In the following, therefore, the

discrete frequency modulation characteristics were measured as a
function of the discharge current.
To measure the frequency of the output modulation, the beam was
expanded by a short-focal-length lens, and the resultant intensity
pattern projected onto the entrance aperture of a fiber optics bundle.
The fiber optics was then input to the monochrometer and PMT arrangement previously described, and illustrated in Figure 5.

The PMT

output (using 1500 volts cathode voltage and a 50 ohm load
impedance) was then input to a low frequency spectrum analyzer
(Tektronix Model 115 with a Model 549 oscilloscope).

The analyzer

had a center frequency range of 50 Hz to 990 KHz, but the major
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region of interest was 50 Hz to 200 kHz.

The linear spectrum display

was calibrated in volts per centimeter of vertical deflection, and
was the display mode normally used.

Dispersion and sweep rate were

adjusted to maintain analyzer sensitivity and resolution bandwidth.
The frequency spectrum and the time domain presentation of the PMT
output was recorded on the CRT in storage mode, and a permanent film
record made of the display.

A search was made at each of the four

basic color (wavelength) divisions for beam modulation at discrete
frequencies.

There was always a certain amount of random modulation

noise on the beam, but the discrete frequency modulation was very
prominent, and use of the monochrometer permitted examination of
each wavelength separately, during multi-wavelength emission.

The

discharge current was varied over its full range (from oscillation
threshold to 30 amperes), as was the internal resonator aperture.
The latter was varied to determine whether the modulations were in
any way related to the transverse mode number or mode competition.
Modulation amplitude (or index) as it will be used in this
paper and as it is represented by PMT output, is defined as the ratio
of the PMT output peak-t~-peak voltage to the PMT output DC voltage
(V

and V , respectively). The peak-to-peak voltage of the
DC
fundamental modulation frequency could be measured directly on an

PP

oscilloscope time domain display.
a Ballantine DC Voltmeter.

The DC voltage was measured using

The modulation index of a periodically

extinguished beam would thus be 2.0, according to the definition.
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The DC output used to calculate the modulation index was further
defined as the measured DC voltage for a given light input minus the
DC voltage with no laser input to the PMT.

The latter voltage

included that due to any 60 Hz noise, PMT noise, and output resulting
from any extraneous light.

The modulation index is thus given by

M.

(18)

l

where the subscript, i, denotes the harmonic being measured (i.e.,
i=O for the fundamental frequency, i = 1 for the first harmonic,
etc.).

Although the amplitude of the fundamental modulation frequency

could be measured on an oscilloscope, the harmonic amplitudes had to
be measured using the spectrum analyzer.

The relative magnitudes of

the harmonics provide a measure of how closely the fundamental
modulation approximated a pure sinusoid.
was to first measure V

PP

The experimental procedure

in the time domain, and then measure VA, the

amplitude of the spectrum analyzer display peak, for the fundamental
modulation frequency (the frequency being affirmed by the time domain
sweep rate).

Figure 33 illustrates a typical frequency and time

domain display used for such measurements.

The spectrum amplitude

was measured as the peak value minus the baseline noise.

Because the

shape of the spectrum changed slightly depending on external conditions, an area normalization was applied by measuring the area, A

0

under the curve (above the noise) using a polar planimeter on the

,
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(A) Frequency Spectrum Display- 23kHz Center Frequency, 1kHz/Division
Dispersion

(B) Time Domain Display- 0.1 msec/Division Sweep Rate

FIGURE 33
INTENSITY MODULATION DISPLAY

GP73-0258-49
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Polaroid print, and including the effective vertical sensitivity of
the analyzer.

A constant was then defined by the following:

K0

=

(19)

This constant relates the time and frequency displays of the
fundamental modulation frequency, and

(20)

then relates the frequency display of a harmonic frequency to the
peak-to-peak value of the fundamental.

Thus,

(21)

is the modulation index of the ith harmonic
The experimental procedure was to use the spectrum analyzer to
locate discrete frequency resonances as a function of discharge
current.

For each such resonance, the magnitudes of its harmonics

relative to the fundamental were measured using the technique described above.

The measurements were repeated at each of the four

basic wavelengths, and the results compared.

Care was taken to pre-

vent spectrum magnitude or shape alteration caused by sweep rate or
dispersion.

(An advantage to the use of CRT storage is that a very
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slow analyzer sweep rate can be used.)

The PMT output was monitored

and the input attenuated to ensure a linear response, and the input
attenuation taken into consideration in the area normalization.
3.

Measurement Results and Discussion
Table VII is a summary of the discrete frequency modulation index

measurements.

As can be seen, the majority of the observed modula-

tions were at the two extreme wavelengths, 0.6471 and 0.4762 microns.
This is because the laser gain and losses are wavelength dependent,
and the current at which emission is first observed, varies.

The

currents at which oscillation normally first occurred are as follows:
Wavelength (micrmna)

Discharge Current (amperes)

0.6471

8.7

0.5682

24.9

0.5208

18.1

0.4762

14.0

The largest modulations occurred at approximately 9.8, 16.0, and
18.5 amperes, below or very near threshold for the yellow and green
lines.
The frequencies listed in Table VII are the frequencies at which
the analyzer display peaks were the largest.

The movement of the

spectrum center frequency with a variation in current was reasonably
consistent in its behavior at all harmonics, for an average discharge
current.

The behavior did change somewhat at different currents.

For the major modulations, the modulation (center) frequency
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f(kHz)

19

I (A)

A. (microns)

M·I

9.8

0.6471

0.630

36

0.046

54

0.004

72

0.003

23

15.9

0.6471

0.160

45

0.011

68

0.001

72

18.4

0.6471

0.066

120

30.0

0.6471

0.060

23

16.0

0.4762

0.910
0.030

45
73

18.5

0.4762

0.255

160

0.165

330

0.078
0.149

490

(not harmonic)

170

30.0

0.4762

0.120
GP73 -0258 50

TABLE IDI
DISCRETE FREQUENCY MODULATION
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decreased with increasing discharge current, reached a minimum frequency, and then increased with discharge current before finally
disappearing.

A given spectrum peak varied approximately 15% in

frequency from appearance to extinction, while the discharge current
changed approximately 3%.

The accuracy of the frequency listed in

the table is thus subject to how well a spectrum display maximum
amplitude could be consistently determined.

A second factor affecting

the resonance frequency was the drift in laser gas pressure as the
laser was being used.

Optimal laser output was obtained with a gas

pressure of 128 millitorr.

Under normal operating conditions, the

pressure fell as low as 120 millitorr, and was then increased to 130
millitorr,

~·. To

determine the effect of gas pressure on resonance fre-

quency, the pressure was artificially lowered by operation at a low
discharge current, and then allowed to rise to equilibrium after the
current was reset at a higher value.

For a pressure change of 13%,

the center frequency of the resonance (at 16 amperes, red channel)
changed 8% while the current change 1%.

There is therefore a definite

dependence between resonance frequency and pressure, but the magnitudes given here are only first order estimates.

Because the current

also changed as equilibrium was established, there was a two-parameter
variation.

Independent control of gas pressure was not feasible in

this laser, but investigations with other gases have also indicated
43 F
. .
that pressure affects the plasma instab i 1 1t1es.
or a 11 t h e
frequency measurements, the gas pressure was thus kept as constant
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as possible

(i.e., _ ~S

millitorr).

It is readily apparent from Table VII that the modulations are
extremely sinusoidal - the relative magnitudes of the harmonics
decrease quite rapidly.

Both the spectrum analyzer display and the

time domain display confirm this.

The spectrum shown in Figure 34 is

an increased dispersion example of the type of modulation observed in
the region around 10 amperes.

In the figure, the dispersion is 10 kHz

per division with a 50 kHz center frequency.

The modulations listed

in the table at 16 amperes and at 18.5 amperes are identical on the
two above threshold wavelengths even though the data in the table
were taken at different times and differ in frequency agreement by a
small amount.

The agreement was confirmed by tuning the bandpass

center of the monochrometer between the two wavelengths without
altering any other parameter.

The two resulting spectrum displays

were identical in position and shape.

The monochrometer adjustment

also confirmed that the modulation was not directly caused by the
laser action at a specific transition.

The same modulation spectrum

was observed on the potential at the laser cathode (between cathode
and chassis ground), and indicated that the modulation was related
to a type of plasma oscillation as discussed in Section II.
In previous discussion and in Table VII, there have been
references to harmonics of the fundamental modulation frequency.
Within the measurement capability of the analyzer and the pressure
stahili ty o f t h e 1 aser (an 1·mportant factor), the measured
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FIGURE 34
MODULATION FREQUENCY SPECTRUM- DISPERSION
EQUAL TO 10kHz/DIVISION
GP73-0258 -51

FIGURE 35
TWO FREQUENCY MODULATION
GP73-0258-52
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frequencies do correspond to that expected from harmonics.

There are,

however, significant modulations that do not appear to be harmonically
related to any of the other simultaneously existing modulations.

An

example is the 490 kHz modulation on the 0.4762 micron line at a
current of 18.5 amperes.

Figure 35 is a time domain illustration of

the high frequency modulation, with a much lower frequency fluctuation
superposed on it.
per division.)

(The time domain sweep rate was 20 micro-seconds

It may be that the mechanism causing beam modulation

can support more than one completely different oscillation (as in the
resonances of a two or three dimensional structure).
There was very little indication of discrete frequency modulation
at full laser power (30 amperes).

The two modulations indicated in

Table VII were not well defined, as those at the lower current levels
were, but were extremely broad, and the spectrum peak was difficult to
determine.

In addition, the spectrum and its peak were difficult to

reproduce when measured on repeated occasions.

It is therefore

difficult to state that the modulation (or noise) at 30 amperes is
discrete in the same sense as at lower currents, or that it is of
major significance.

Observation of the 0.5682 and 0.5208 micron

lines showed no discrete modulations at any current level.
Because of the importance of mode control, as discussed in
Sections III.A and III.B, it was of interest to determine if resonator
aperture size had any effect on the discrete frequency modulations.
This was readily determined by monitoring the spectrum analyzer
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display as the aperture was decreased.

The only effect was a mono-

tonic decrease in the display maximum (to extinction) as the aperture
was decreased.

This behavior was expected because the aperture was

located outside the plasma, between the Brewster window and the exit
mirror.

There was also no change (except magnitude) as the fiber

optics entrance pupil was moved to different points in the beam cross
section, indicating that the modulation characteristics are independent of both wavelength and transverse mode number of the transitions
(significantly) above threshold.

In addition, the same spectrum

characteristics as were seen and summarized in Table VII were
observed in single line oscillation (using the prism).

The single-

wavelength observation eliminates the possibility of a discrete
frequency modulation effect due to multi-wavelength competition.

The

table summarizes the fact that the discrete modulations must be monitored at the lower currents if a constant output intensity is
desired.

An important note relating to use of the krypton laser as

a multispectral illumination source is that the discrete modulations
are in phase at all wavelengths.

That is, in contrast to the inten-

sity fluctuations caused by mode competitions, the relative intensity
changes are in phase, and could be predictably monitored.
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IV.

CONCLUSION

The conclusions concerning the power-divergence compromise and
the output stability of a krypton laser must be discussed as only one
aspect of its use as an illumination source.

The first purpose of

the investigation was to measure the effect on the laser output
intensity of operation in low order transverse modes, controlled by
a resonator aperture.

The second purpose (equally important) was to

measure the aperture's effect on beam divergence and spectral power
distribution.

These two goals have been achieved, and the specific

results reported in the body of this paper, but the implication of
the results must be interpreted in terms of a total system requirement.

That is, if a krypton laser is to be used as a multispectral

illumination source in a system such as that necessary for remote
spectroscopy, the system goals and capabilities must be considered
before the optimal laser operation mode can be defined.

As an

example in this study, the increase in divergence and change in
spectral power distribution as a function of aperture size (and
transverse mode number) were measured.

The use of mirrors allowing

higher order modes to oscillate increased the total laser output
power approximately 27% over the power obtained with the standard
mirror set.

The beam divergence correspondingly increased 38% in

the red channel and 40% in the blue channel.

The use of the aperture

allowed compromise values to be obtained, and these are delineated
in the tex t.

The resultant increase in total output power will be
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of use to a specific system only if the receiver field of view is
equal to or greater than the beam divergence, and only if the total
system specifications can accept the reduction in spatial resolution.
Once a divergence-power compromise has been made, we have shown that
intensity instabilities can exist that are undesirable.

Stability

becomes an additional condition on the divergence-power choice.
Other factors such as system spectral sensitivity and frequency
response (i.e., bandwidth) must also be considered in defining the
optimal laser operation characteristics.

For this reason, we will

not make conclusions regarding the optimal operation mode for this
laser, but will refer specific applications to the data as presented.
There are some experimental and practical limitations to the
reported results, and these should be considered in use or extension
of the work.

First, the degree of control of the transverse mode

number is severely limited by the resonator aperture furnished in
the laser.

The aperture was intended only for limitation of the

shorter wavelengths to the TEM
higher order modes.

00

mode, and not for separation of

The mechanical construction and location of the

aperture made transverse mode changes very difficult if resonator
alignment was to be preserved.

A reasonably major design change

would be necessary, but an aperture control could be provided that
would prevent alignment alteration and permit more consistant mode
separation.

It would be desirable to avoid the intensity instabil-

ities resulting from the various competition effects while adjusting
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the transverse mode numbers for the desired divergence and power
distribution.

This can be done as reported in this work, but the

accuracy of the a-values are limited by the consistency of the resonator configuration.

Our experience has shown that alterations such

as exchange of the total reflection mirror for one having identical
specifications, can change transverse mode number.

The maximum mode

number at open aperture can change, and the mode distribution at a
given aperture setting can change as a result of a mirror ex change.
This is not the result of spectral response changes in the mirror
(possible if the exit mirror were changed), but could be caused by
slight differences in the radius of curvature in the mirror.

As

shown in the transverse mode analysis discussion, the mode parameters are a function of total resonator geometry.

Other factors

affecting the mode number and power distributions are the exit
mirror spectral response and the degree of contamination in the
resonator optical path.
Once an appropriate aperture size is determined according to
power and divergence considerations, the intensity stability is of
major concern.

We have shown that mode and transition competitions

can cause intensity fluctuations on the order of six percent of the
channel power, and more importantly, that the relative phase of the
fluctuations can be such that the relative power fluctuation is ten
to twelve percent.

The onset of such instabilities is a sharp

funct ion of the aperture setting and other variables such as optical
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contamination and discharge current.

The second type of intensity

fluctuation, that occurring at discrete frequencies, is apparently
much more characteristic of krypton than the more common argon laser.
The particular characteristics of the modulations are a function of
the laser design and construction.

In an application requiring max-

imum output power, the laser would be operated at maximum discharge
current, and at this point the modulations are either extremely
broad, or nonexistent.
A basic conclusion of the investigation is that the concept of
operating the laser in low order modes to increase output power is
valid.

However, coherent emission from krypton gas has much greater

wavelength separation than most other gas lasers, and the resulting
diversity of mode configurations leads to intensity instabilities.
These fluctuations, along with those caused by the plasma instability
(also peculiar to krypton), must then be considered.

The extent and

location of the instabilities will be a function of the specific
laser operational characteristics.
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